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PREFACE 



This report deain with principles of srlacier flow that are applicable to the many 
(flaciera in Alaska and other parts of the United States. Permission to work in Canada 
was extended by the Canadian Department for External Aflfairs, and acces^s to the National 
Park was arranged by Mr. J. R. B. Coleman, then supervisor of Banff National Park. 
Saskatchewan Glacier was chosen for study because it is readily accessible and affords 
an unusually good opportunity to obtain data and develop principles that have a direct 
bearlnft on studies being made in the United States. The work started in the summer of 
1952 and was .supported by a i^nxnl from an Arctic In.stitute of North America project 
of the Offii-e of Naval Research. E(iuipmpnt was supplied by the California Institute of 
Technolovy under a contract with the Office <tf Naval Research. The work in 1953—54 
was supported solely by the Ofiice of Naval Research. The final phases of computation 
and manuscript preparation were supported by the U.S. Geological Survey. The author's 
work in the Geological Survey was under the geneni supervision of C. C. McDonald, 
chief. Branch of General Hydrolojry. 

The success of this project in its conception, field program and i rp-iaratinn of this 
final report is due in larKe mea.sure to the direction and the assistanct- ^ixen by Robert 
P. Sharp. B. Cunnar Bergmann, James E. Conel, Donald O. F.morson, Jean A Hi i rni, 
Benjamin F. Jones, William B. Lindley, Lee K. Magnolia, Jack Rocchio, Gordon Seele, 
Jack B. Shepord and George Wallerstein assisted in the field without compensation, and 
this assistance was cf greatest value. Clarence Allen sacrificed his own research time 
to conduct seismie studies on the glader which provided essential data on the ttddmess 
of ice and configuration of the bedrock channel. Kermit Jacobflon, purchasing agent of 
the California Institute of Technology, took time from his regular duties to expedite the 
shipment of material and equipment to Canada. William Black, formerly warden of the 
Sajskatchewan District, Banff National Park, and Peter Withers of Jasper National Park 
assisted the project in many ways beyond their official duties. Permission to use the Sas- 
katchewan Hut was kindly extended by the Alpine Club of Canada, R. C. Hind, hut 
diairman. A Parsons Drill Hole Inclinometer was generously loaned by the Parsons Sur- 
vey Co., South Gate, Calif. Thanks are also due to the Defence Research Board of 
Canada for the loan of magnesium sleds, and the California Institute of Technology for 
the acquisition and loan of special surveying equipment. The critical comments of C. R. 
Allen, W. B. Ray and W. D. Simons have been most helpful in the preparation of the 
tmrnuserlpt 




GLOSSARY 



Ablation. Wastage of ice and snow by melting, evap- ; 

oration, erosion, calving, and other minor processes. 

On Saskatchewan Glacier waataffe occurs mostly 

as surface melting. 
Acenmvhtioii. Deposition of snow, luil, hoarfrost, 

rime and ice on a frlacipr. Mnst of this d'-p^-ition 

takes place as snowfall on the glacier surface on 

Saakatchewan Glader. 
Accumulation area. That part of the glacier surface 
where accumulation exceeds ablation for a 1-year 

period. 

Compressinjf flow. Flow in which the velocity de- 
creases in the downgkcter direction. 
Extending flow. Plow in which tlie velocity increases 

in the downglacier direction. | 
Fini. Material in transition from snow to glacier ice. j 
It consists of coarse granules, is compact but per- > 
meable. and isnfss in density from about 0.4 to | 

about 0.84 jTram per cubic centimeter. 

Firn limit. Line separating the accuniulation area 
from the ablation area. 

Flow centerline. An imaginary line on the surface 
of the glacier that is everywhere parallel to the 
projection on the surface of the velodty vectors 
and which passes as closely a? possible through 
points of maximum surface velocity in transverse 
profiles. 

Flow law. Steady-state creep rate as a function of 
the applied stress for a given material. 



Foliation. A compact, layered structure or planar 
anisotropy caused by flow, as defined in this report. 
It is expressed mainly by differences in grain sise 
or bubble content of the ice. 

Octahedral shear stress (or strain rate). A value 
expressing the intensity of shearinj? stress (or 
strain rate) in a body equal to the stress (or strain 
rate) acting on planes of an octahedron oriented 
with its comers on the ax6S of principal stress 
(or strain rate). 

PIsstic Bow. Flow in which the strain rate is not 
lineally proportional to the applied shear stress. 

Prhidpal axes of stress (or strain rate). In a general 

state of stres.s (or strain rate) there are three 
mutually perpendicular planes on which the shear 
stresses (shear strain rates) vanish. The three 

principal axes are normal to those three pUuws. 

Principal stresses (or strain rates). The normal 
(strain rates) in the direction of the principal axes 
of stress (strain rate). 

Strain rate. Velocity of deformation, usually re- 
stricted to the velocity of shearing deformation in 

this report. 

Temporary anowline. Line delinestinK the snow- 
covered area at any instant 

Viscous flow. Flow in which the strain rate is linearly 
proportional to the applied shear stress. 



SYMBOLS 



A area of a cross section 
C =-^ysin« 

d depth 

/( ) a function of ( ) 

kjkijkt arbitrary, empirical constants 
n empirical constant 

IV 



p iced perimeter, analogous to the wetted 
perimeter as used in hydraulics, except 
that p is measured in a cross section 
perpendicular to the glacier surface 

R ——, the hydraulic radius (measured in a 
P 

plane perpendicular to the surface of 
the glacier) 



V 



« standard deviation 
t,IS,98 suirfaoes (defimd <m p. 25) 

M displacement 

V the velocity vector 

V the absolute nmjfnitude of V 

1^ the surfaoewMTd flow (defined on p. SiO) 
VtiVf velocity component parallel to a ooordinate 
axis i or ; (ij = x, y, or 2) 
^i^t,ym vdodty compomeiits parallel to tfae «, f> 
axes 

^t, y,' velocity components parallel to the z', y'- 
axee 

w width 

c,y^ rectangular coordinate axes (defined on 
p. 10) 

if^ curvilinear "natural" coordinate ez«8 (de> 

fined on p. 11) 
cii,«i coordinate axes <{, i=x,y,wt) 

m surface slope, measured from the horizoii- 

tal in the direction of the x'-axis 
fi bed slope, measured from the horisontal in 

the direction of the x'-axis 
y specific weight of ice (generally assumed 

to be 56.1 pounds per cubic foot) 
9it K rontcker delta or idem factor (1 = 0 when 

t = = 1 wheat 96 j) 
ill strain rate 

im nrninal strain rate in the direction of the 
j--axis, extending strain rates are con- 

sidered positive 



iw shearing strain rate on a plane perpen> 
dictilar to the x tam, in the diraetioii of 

the y axis 

ti greatest (most extending) principal strain 

rate 

h least (most cmnpressing) principal strain 

rate 

i'n deviator of strain rate (defined on p. 38) 
ioAo octahedral strain rate (deAned on p. 88, 

41) 

0 horizontal angle between x' axis and «i 

(table 4) 

1 inclination of streamline from the hori- 

zontal 
p densitjr of ice 

oij stress 

V hydrostatic (mean) stress 
vam normal stress in the direction of the s axis, 

tensile stresses are considered positive 
shearing stress on a plane perpendicular to 
the X axis, in the direction of the y axis 
c^ii o», •» principal stresses 

<T(/ deviator of stress (defined on p. 38) 
vo octahedral shear stress (defined on p. 38, 
41) 

^ horizontal angle between »' axis and V 

(fig. 17) 
i rotation rate (table 4) 
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MODE OP FLOW OF SASKATCHEWAN GLAaER, ALBERTA, CANADA 



By MABxF. Mnn 



Research in 1952-54 on Saskatchewan Glncior was directed 
towmrd the intMunnMDt of Telocity on the surfaco uad at 
iupOk, tbt MicfM* umI MnA «opQflMVli3r» MMut, tmd 
rtn w tom pradwed by flow. Time field d«t* vm mad to tost 

earrcmt theorin of flow and to dor!v» now conelnskmB iboot 

the flow of a valley c'n<"if ''. 

Position* in space of 61 velocity stations fixed in the iC6 
were C0Bi|nitt-J from trlanttulalion surveys. Sunitiior velocities 
mn generally greater than yearly velocities. Short-intervsl 
< day) obiemtlons ratoirda d great velocity fluctuations 
mad intcimittcBt bMhwud awvcnnts. Some at tlwM floetu- 
ations repreaent domains not mere tlian 100 fe«t In extant. 
Dispersion values indicate tliat jerkey mo'i r, probahly dne 
to irregular shoarinf; and is not predomina;ill> perpendicular 
to crevasses. Dispt-rsitm of velucity decreases with increasing 
time intervals of measurement. Maximum surface velocity of 
S8S tflj (tMt per year) occurs at the fim limit; velocity 
dcercasn vncvenly along the midglacier line to 12 fjiy at the 
temimn. Valoeity nctoni plunge bdow tha aoifaee along 
the eenterline from above the fim limit to 1.3 miles below. 
Forth«r downglacier the vectors rise out from the surface 
and the anjnilar divertrence increases both downtrlacier and 
toward the margins. The flow of ice toward the surface u 
constant at 10 fpy in the lower 3 miles. Rates of surface 
lowering computed from these data and aUation data agiea 
appnuimataly wiCh independently neasnrad tUanIng; 

Vdodty gndinta in aa am of deMkd atady am MHdjncd 
to determine the surface straln^rate fleld. Deformation is 
largely caused by the transverse gradient of the lonifitudinal 
velocity. Lonpitudinul and transverse extensions and com- 
pressions were measured. Ore principal ."train-rate trajector>' 
lies along the flow eenterline; a trajectory of maximum 
shearing strain rate parallels the valley wall at tlta auugtn. 

Vdoeity to a depth of 140 feet dccreaica axponentiaUy. 
The fknr law of lee is determined hy an analysis of ttis short 
vertical profile and a tran.svi-rse velocity profile or thr ^v,t- 
face. The two sets of data give consistent results which ii^r eo 
with results from other glaciers, and suggest that the flow 
law is unafTecieii by cither hydrostatic pressure or extending 
or eamprcseing flow. The strain rate cannot be expressed aa a 
simple ponvar function of the stiess. A viaooualike flow taana 
lo predominate at knr strascs. Above a shear atzcas ef M 
bar the flow velocity ehaagea mndi men lapidly wKb tUfht 
changes in stress. 

The derived flow law is used t-) compute velocity a.s a 
function of depth and the mass-budget. Them* results ahuw 
that the ice currently being supplied to the surface is not as 
great aa the snrfaet ablation but is Just sulDcient to keep the 



glader fUnalag at an unchanged rale in time; Oemputed 

streamlines parallel the bedrock channel closely. 

Three main classes of features in the ice are distinguished: 
(1) primary seilitnentary layerinK. (2) secondary flow folia- 
tian and (i) secondary cracks and cruvassea. Primary strati- 
fication is flatlying in general but wrinkled longitudinally in 
detail. Foliation generally dips stctvly. strikea longitudinally, 
and shears other atmetuiea. Haawnr, loaw fioliatloB attl- 
todea da not rdate to maaaaved direetiana »f maximam 
shearing strain rate at the point of obaervation or at any 
conceivable point of origin. The orientation of the moat 
prominent set of cracks agrees approximately with measured 
trajectories of principal compressing strain rate. Other minor 
seta of cracks are related to trajectories of maximum shearing 
strata rata. 

INTRODUCTION 
"One of the diAcnlties in the past has been tliat tiwertca «f 

glacier flow have often had to Start from arbitrary assump- 
tions about the mechanical properties of ice, which had never 
been adequately investigated, and to proceed to predictions 
about velocity distributions in glaciers which could not be 
verified by experiment'* <Ocn«rd, Pw«ts,and Boeh, lOSf* 

f. 547) 

The, flow of glaciers has long been a subject of 
controversy, and many completely diffnvnt theories 
of flow have been propounded. Rigorous checking by 
field measurement, however, haa lagged far behind 
the development of theoretical ooncepts. The ctm- 
plete velocity field on the surface or at depth of a 
glacier has never been satisfactorily measured. This 
information is taaaie to the tnxidng and testing of 
theories of flow. 

The objective of the study on Saskatchewan Gla- 
cier was to gather thtan faasie data, together wi^ 
essential supplementary information such as the 
variation of the velocity Aeld with time, the shape of 
the glacier and Its bed, and the structures produced 
by flow. An ultimate goal was to relate these field 
data to known mechanical properties of ice and mod- 
ern theories of glacier flow. Saskatchewan Glacier 
ia favorably situated for tiiiB study beotuse it is 
ea.'fily acce.'^.sihle, fjicilitatinjr ficldwork, and i.s of 
simple geometrical shape, simplifying the mathe- 
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znatical treatment. The detailed mechanism of flow 
(the prooess by whieh indivlduai erystab yield to 
stress) is not a matter of principal concern here, and 
the glacier is assumed to be a continuous, homogen- 
ous body. Some work has been done on ttie nech^ 
nnism of flow of SaskatelMwan Glader by G. P. 
Rigsby.' 

The organization of this report ia as follows: Date 

bearing on the general characteristics of the glacier, 
its physical setting, surface topography, channel con- 
figuration and surface ablation are pveaented first 

This basic information is the backgrounid material 
for analjrsis of the flow. 
Resatts of measurement of the surface velocity 

field are then described. Velocity at fixed points 
varied from day to day and from season to season, 
bat dianged little from year to year. Short-intenral 
(12-hr) fluctuations in velocity are greater and offer 
some insight into the mechanism of flow. These 
fluctuations limit the accuracy with which the time- 
averaged velocity field can be measured. After the 
time variations in velocity are described, attention is 
given to the time-averaged configuration of the sur- 
face velocity field. This is a vector Held and the 
vectors do not parallel the surface, so it is necessary 
to measure three cum[>onents of velocity in space. 
Value.s of the horizontal component directed down- 
glacier, the horizontal transverse component, and the 
vertical component relative to a fixed coordinate sys- 
tem are discussed. A vertical component measured 
relative to the instantaneous ice surface, which rep- 
resents the surfaceward flow, is then pr^ented. 
Finally, results of measurement of velocity at depth 
are Riven. 

The mentioned sections which present basic data 
are followed by interpretive discussions. The surface 
strain rate field is computed from measured velocity 
gradients, providing information on the deformation 
of ice at the surface. An analysis of the geometry of 
flow is made involving: (1) The total discharge of 
the glacier as compared with the surfaceward flow 
and ablation on the surface; (2) a computation of 
the streamlines of flow at depth ; and (3) some state- 
ments about the equilibrium and quasiequilibrium 
longitadinal profiles of this ghicier. The data from 
Sa.skatchewan Glacier offer some insight into the 
flow law (strain rate as a function of stress) of ice, 
and these results are presented and analyzed. 

Structural featurea in the ice offer additional 
insight into the mode of flow and are dtaeueaed in 

IKIClby, G. r.. 1(81. StmilM of rrvHUl r>hr<« and itrurtum in Klarifi^. 
PI1.D. tiMli*, CaNromla Issk TcckBalosr, SI p. Sot mlit Mriir, Rissbr and 
Steip (nM,«.fl-«4). 



the final section. A prominent Row toiiation j.s ap- 
parently a shear phenomenon but cannot be related 
precisely to measured planes of greatest shearing 
distortion. Cracks form in close correspondence to 
the principal elongations and are used aa indieaftort 
of strain rate and stress conditions on parts of the 
glacier where the flow was not measured. 

FieUwork on Saskateliewan Glader was done from 
June 2r? to September 2, 1952; June 19 to September 
8, 1953; and from July 8 to August 13, 1954. Camps 
were maintained at the Alpine Club of Canada's 
Saskatchewan Hut (1.7 miles bel -v the glacier 
terminus) and outside the south lateral moraine near 
Castlegusrd Pass (fig. 1). A road extends to within 
2,000 feet of the present terminus of the ice, making 
the glacier easily acc^sible. Most of the movement 
of equipment and aupplies on Hie slaeier was by 
backpack, but some material was hauled upglacier 
by truck and packhorsee. Uncertain weather, unpre- 
dictable operation of specially designed equipment, 
necessity for precautions against the hazards of gla- 
cier travel, as well as time spent on logistical mat- 
ters, severely restricted the amount of scientific work 
that could be done in a field aeason, even on this 
easily accessible glacier. 

pmreicAi, BvmnQ op Saskatchewan qlacier 

Saskatchewan Glacier, at the head of North 
Saakatchewan River !n Banif National Park, is the 
largest of the six principal outlet tongues^' of the 
Columbia Icefield (fig. 1). This icefield lies astride 
the Alberta-British Columbia line in the Canadian 
Rockies (lat 52''08', long 117°12'). The part of the 
firn region of the Columbia Icefield that feeds Sas- 
katchewan Glacier is entirely in Alberta and covers 
an area of about 9 square miles and ranges in alti- 
tudes from 8,000 to 11,300 feet. Almost half of this 
area lies between altitudes 8,500 and 9,000 feet (fig. 
2). About 2 square miles of firn is split off the main 
part of the icefield by a high mountain ridge, and 
the only medial moraine on Saskatchewan Glacier 
is formed wlm« this ice joins the flow from the 
main icefield. Two former tributaries approach the 
trunk glacier on each side about 2 miles above the 
terminus, but do not join at present The usual firn 
limit lies almost at the juncture between icefield and 
tongue and ranges in altitude from 8,000 to slightly 
more than 8.300 feet. The tongue is 5.5 miles long 
and descends to an altitude of 5,900 feet (fA. 6). 
It ia about 1 mile wide in the upper 2J6 milea 

' In thi« report, the trrm "S*Mli*tchrwftn (.Ucii^r" rwfvni to tli» iMinw 
OBljr and ilm not include the Hrm mnm vithin tta> Cuiumbia lecAdd. The 
■taclcr «««4iiic !• till* 4««iiUiM> »(• MiliMlir Mm llMr an Mailt. 
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(the "Castleguard sector." see fig. 1) and tapers to 
• width of 2,000 iMt neftr the tenniiiUB. It haa only 
one gentle curve of aboufc 80* 8.5 milea above tiie 

terminus. 

The total area of Saskatchewan Glacier and its 
fin field b 14.6 Bqiiore miles of which the seeumttlap 
tion area embraces 68 percent. The averasre net 
accumulation over this area can be computed because 
the amount of iee diecharged into the Sadcatchewan 
Glacier tongue is known for 1953-54. An average 
annual accumulation of 3.2 feet of water over the 
ana of the ftrn basin would liave aupplied this known 
discharge. 

onauub GBABicTSBiraica <a tbb olaoibb 

Glaciers can be cla^isified and compared in three 
ways according to Ahlmann (1948, p. 6&-67) : by 
shape (morphological), by activity (dynamic), and 
by thermal characteristics (geophysical). The shape 
of this glacier, as indicated by the area-altitude 
graph (fig. 2), is that of a valley glacier of the alpine 
type (Ahlmann. 1948, p. 62, type II). It may be 
termed an "outlet" placier but not an "outflow" 
glacier in the sense used by i<'insterwalder (1951, 
p. 687). 

Ibe activity — or the metabolism— of a glacier can 
be expressed quantitatively as the gradient of net 



accumulation (total yearly accumulation minus total 
yearly ablation) with increasing altitude at the fim 
Gmit This parameter has be«B termed the **energy 
of giaelerization" by Shumskii (1947) and it ex- 
presses the "degrree of activity" as discussed by 
Ahlmann (1948. p. 63). The gradient on Saskatche- 
wan Glacier i.s 0.013 (13 mm per meter) just below 
the firn limit. This indicates a hig^h degree of activ- 
ity, comparable to that of glaciers of the Alps — 
Rhone Glacier, 12.4 mm pa: meter and Hlntmis- 
ferner, 1 Fi S mm per meter accordinj?" to Shumskii 
(1947) and suggests some maritime quality in the 
local dimate. 

No investigations were made of the thermal regi- 
men of Saskatchewan Glacier, but it is assumed to be 
liienaally temperate because it lies at a relatively 
low latitude, and copious meltwater is produced in 
the summer. However, unexpected freezing condi- 
tions were found in drilling operations (p. 31). This 
sugge.Ht8 that aubfreezing temperatures can exist in 
the crustal ice even in late summer, although the 
bulk of the glacier probably exists at the pressure- 
melting temperature. 

It seems reasonable to treat Saskatchewan Glacier 
in its larger aspects as a homogeneous and isotropic 
body fan spite of many smaU-seale inhomogendties. 
Exposed ice in the ablation area .shows irregular 
patterns of differences in grain size. Average grain 
sixes over areas of several feet range from about 1 
millimeter to nearly 10 centimeters. Grains are larg- 
est along the margins, smallest along the centerline, 
and show an uneven but noticeable increase down- 
glacier. Complex intergrowths of crystals were 
observed in coarse-grained ire Kxccpt for local 
zones of young, partly icitted tirn in midglacier, all of 
the exposed ice seems to be of about the same com- 
pactnesa and hardness. The density is assumed to 
range between 0.85 and 0.91. Except for a foliated 
structure that is pronounced near the margins no 
consistent patterns of differences in bubble content 
were observed, and no crystal-shape orientation pat- 
terns were discovered. CrystaMabrtc studiM by 
Rigsby* and Meier, Rigsby and Sharp (1954, p. 21- 
24) revealed very weak crystal axes orientations ex- 
cept along the extreme margins and at the terminus. 
To a reasonable approximation, therefore, the bulk of 
the glacier can be descrilwd as constant in density, 
homogenous, and isotropic in phy.sical characteris- 
tics. This approximation is probably not valid near 
the valley walls. 

Saskatchewan Glacier apparently began to with- 

*ainhr.Q. P.,«p.fii. 
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draw from its sreatest recent extent in 1854 (Field 
and Heusser, 1954, p. 185), and the terminus has 
retreated subsequently about 4,000 feet. High aban- 
doned lateral moraines indicate a concurrent thinning 
of more than 100 feet over most of the tongue. Re- 
cession and thinning were continuing at the time of 
theae field stadf ee. 

SVBKACS com»iimASiOH 

Quantitative study of stress and flow in a glacier 
requires an accurate topographic map of the surface. 
In 1952-53. a triangulation net of 14 bench marks 
was established along both aides of Uie glacier. Nine 
of thase l)ench marks were used as control for the 
construction of a topographic map from Royal 
Canadian Air Force stereoaraipie aerial photographs 
taken in 1948. In addition, a map of the terminus 
(1953), 3 transverse profiles (1952) and a 5-mile 
longitadinal profile (1954) were compiled from 
stadia surveys. These data, plus 46 accurate spot 
elevations on the glacier surface, were used to con- 
atniet maps of the glacier aurf^e as it eodstod in 
1954 (pi 4, Apr 3) . Longitudinal and transverse pro- 
files are shown in plate 1. 

These data show that Saakatchewan Glacier has a 
very uniform longitudinal slope which avorrifrs 
3°23', exceeding this markedly only at the extreme 
termhiius (maximmn of 11*9') and near tb» flm 
limit (reaching 8°40'). The transverse profiles are 
flat to slightly concave near the flm limit and flat to 
slightly convex (sometimes with a slight eoncavit]r 
alone the centerline) over the rest of the tongue. 
Marginal troughs are prominent in the Castleguard 
sector. 

OLiLCKliX CHAMOES IN SURFACE LEVEL 

Comparison of a longitudinal profile drawn from 

the map L-on.Htructed from 1948 aerial photographs 
with the 1954 stadia profile suggests pronounced 
thinning over the whole tongue (pi. 1). The eleva* 
tion difference between tho.se profiles i.s probably 
accurate to within 10 or 15 feet in the vicinity of 13 
aceuratetjr surveyed velocity markers and 25 feet 
elsewhere. The posjiibih'ty of cumulative error is 
discounted because both the stereoscopic model and 
the elevations of velocity markers were controlled by 
the same points on bedrock. Thinning data for tlM 
whole glacier, computed in this manner, are shown 
in figure 4. In figure 4 and plate 1 the five firn limit 
points ware computed as of 1953 (they were buried 
under snow in the 195 J field sea-soti) ai>d the Kbicier 
surface was assumed nut to have changed in elevation 
at these points from 1953 to 1964. 



The thinning data show that the tongue is not in 
equilibrium, but is wasting downward at a rate of 4 
to IS feet per year (fpy). Thinning rates oscillate 
between 11 fpy at the firn limit, 5 fpy 2 miles below 
the firn limit* 16 fpy 3.5 miles below the firn limit, 5 
fpy at 5 miles below, and a maximum of 16 fpy at 
the extreme terminus. Thinning is more conserva- 
tive alon^r the south marpin ; few data are available 
for the north margin. Whether this apparent period- 
icity along the centerline represents a w&velike flow 
response or periodic climatic changes, or ju.st coinci- 
dence, is not clear. However, the data are too crude 
for firm conclusions. 

Recent abandoned lateral moraines which can be 
traced for more than 4 miles upglacier indicate that 
thinning has been gv^ng on for some tlnae. The de- 
vations above the ice of the two most prominent 
moraines are plotted in plate 1, and show that thin- 
ning has not been uniform in lAe |MMt 

CBAnraL ooxpzonBAnoH 

Seismic explorations in 1952 by C. R. Allen pro- 
vide information on the shape of the s'lacier's bed- 
rock channel. Reliable reflections were obtained at 
9 locations comprising 1 longitudinal and 2 trans- 
ver.se profile.s, usin^ equipment and techniques dft- 
.scribed elsewhere (Allen and Smith, 1953, p. 756). 
These data* (C. R. Allen, written communicatiop) 
are plotted on f^pure 5 together with the approximate 
bedrock topography and 7 transverse cross sections. 
The channel shape at the firn Ifanit is unknown, bvt 
the approximate area ha.s been computed from flow 
data (p. 46) and a half -elliptical shape has been 
assumed. 

These data show a broad, U-shaped, evenly in- 
clined channel section. The shape of the whole 
glacier in its channel approximates a dreular cyl- 
inder having a diameter of 5,250 feet, inclined east 
at an agle of 0°46'. curved slightly in a horizontal 
direction, and cut by a plane inclined 3*23', In the 
.same direction. 

In Castleguard sector the southern parts of the 
cross sections are nearly elliptical (fig. 6). Because 
the sections are not quite symmetrical, most of the 
anal\'tical work was concentrated on the southern 
part. The term "plane of symmetry" is defined by 
the vertical projection of the flow esnterHiw. This 
flow centerline was determined from sarfaoe t»- 



< The dfttft from the •hot point n«ArMt lh# 1«Tminu» mr*' n in ..-m-twI 
lnt*-rprvlJltii)lti* : Ihp finil MrnttfiiittW rpA.<rtiun (5A5 fe«1) may be from • 
T^iritacl briw«^n be^drock »nd mormin« or oiitwiwh materials, brraus* the 
l i ii^ic iif *urfR(*« v'vltM-ity vyrU^n in the tclacipr f p. 271 and jcvolofflc 
rvidrnc* bayiHMt thr larminu* tuKKota that th* ic« l» do n«c« tiMa 24> f«al 
Ihkk hcnw A idlMllaB Inm his IbBa M> Uat «wdd pngMIr tei* btM 
okacand by Mb* hwit tlMtaHM ciiploaiMi. 
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FMVU 4.— ATrrascsarfaee lowering, IMB-<4, <n f«t< per fmt. 



locity measurement (p. 10), but it conforms closely 
with the geometric symmetry plane of the cross 
MctiiMis. Data on the width, depth, area, ice perim- 
etfr and hydraulic radius'' are given for the Caatle- 
guard sector cross section.s in figure 6. 

ABLATION 

The regimen of Saskatchewan Glacier was not 
measured directly, but ablation nieasuran«it8 were 

made for comparison with surfaceward flow data. 
Records were kept of the lowering by melting of the 
ice surface at each velocity marker at irregular in- 
tervals durin^'^ the 1952 field season and only as 
markers were reset after that. Values of ablation 
are reported in feet of ice melted per year. No 
density measurementn were made. Probably the 
density of ice in the tongue ranges from 0.85 to 0.91, 
and the error due to thi.s variance is less than the 
probable error of measurement 

Measured ablation rate.s are shown as a function 
of altitude in figure 7o. The rates reported here 
are average values for a period of observation of 
not less than a month, taken at the height of the 
ablation season. Points near the lateral margins are 
not included. These data show that ablation rate de- 
creases sliphtly, but very irrcjnilarly, with increasing 
altitude. The noticeable scatter is presumably due 
to diiferences in ice density, roughness, exposure, 
and albedo at different points. The scatter is great- 
est in the higher altitudes where local differences in 
ioe density and character are greatest ; farther down- 
glacier these local differences are largely eliminated 
by recrystallization and the scatter in ablation rates 

^ The trrm "hy<lr«uli« rmdloa" « caramoilljr OMd in th* turdrauliu of riven 
Ui-M dividMl by wetted |!«riiiiclcrl it mmiufcd In > vertical plane. In thl> 
report hrdraujle n4lus If Mimtd •Inibrlr bvt to aMMartd lo a plaae »rr- 
pcndieiilar !• Ih« mifM*. 



is less. Apparently ablation rates in 1953 were gen- 
erally less than in 1952 and 1954. 

The total ablation of ice decreases markedly from 
a high value at the terminus to zero at the (!ra limit, 
but the measured daily rates decrease only slightly. 
Therefore the total ablation at a given point must be 
determined larprely by the length of the ice ablation 
season. I^engths of the actual ice ablation seasons 
can be estimated from data on positions of the 
temporarv -n nvline; these data are sho^v^: in figures 
7 and 8. The data in figure 7b show the progress of 
ablation during the seasons of 1962, 1958, and 1954. 
The time of the first permanent snowfall in autumn 
(marking the end of ablation of ice) is not known 
but is assumed to be about the end of September. In 
1954 the season began at the lower altitudes not less 
than 6 weeks later than in 1952 or 1953, but the 
temporary snowline progressed rapidly upglacier 
and was about 1 month behind 1953 in the Castle- 
sruard sector (7,300 to 7,700 fe<;t). On the ba.sis of 
the measurements in 1952-54 and photographs and 
verbal reports from previous years, 1968 probably 
had the most "wvwul'* abUtion oonditions «t the 
years studied. 

Velocity stakes were reset at irregular intervals 
during the summers so it was necessary to interpolate 
or extrapolate the observed ablation data to obtain 
equivalent values of total ablation during 1953. This 
required consideration of the different rates and 
lengths of ablation seasons in the three summers. 
The final 1953 equivalent ablation values may be 
incorrect by as much as a foot in some instances. 
Average yearly ablation values are presented as a 
function of altitude in fipure 7r (marginal points 
excepted), and the variation of ablation over the 
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surface is mapped in fipriirc 8. Rates of ablation and 
yearly ablation at each velocity stake are also given 
in pag« 22. These data show that seasonal abla- 
tion decreases smoothly, almost linearly, from termi- 
nus to fixn limit. Ablation is greater along the south 
lHArgin than in midglacier, especially in the Castle- 
guard sector. This is undoubtedly due to the warmer 
climatic environment and the dirtier marginal ice; 
the eifeet may be especially pronounced in the 
Castleguard sector because of a lack of protecting 
cliffs. Total ablation is markedly less than normal 
on both sides of the medial moraine because of a 
persistent drift of snow that delays the ablation 
seaaon. The average ablation, obtained by measuring 
areas withhi the ablation contours of flgnre 8, was 
3.2 fpy in the hipbest part of Castleguard sector, 8.7 
fpy in Castleguard sector as a whole, and 13.2 fpy 
for remainder of the tongue below Castleguard 
sector. 

8URPACS VBLOCTTY OBSERVATIONS 

Msiaoii or xBAmnoMBHT 

The surface movement was measured by transit 



or theodolite surveys of velocity stations on the ice 
from lixed points on bedrock or stable deposits. 
Positions of the IE transit points were determined 
by a triangulation survey usinjr as its base line the 
distance between Mount Castleguard and "point 86" 
(9,376-foot peak), 2 survey points of the Albertn> 
British Columbia Interprovincial Boundary Survey. 
The base line length may be slightly in error; this 
would introduce a constant scale^factor error of 
nepliprible mapnitude (probably less than 0.1 per- 
cent) in all measured velocities. Transit points were 
surv^ed to an internal precision of about 1 foot for 
horizontal locations, and vertical locations are prob- 
ably more precise. Nomenclature and locations of 
the transit stations and the form of tlie triangulation 
net are shou n in fipure 9. 

All transit-point and velocity-station locations are 
referred to an arbitrary rectangular coordinate syft* 
tern defined as follows: x — 6,000, f = 0, and 
z 7,741.6 feet at TP-1, the x- and y-axes are hori- 
zontal and the .:-axis is directed upwards, and the 
bearing of TP-9 as seen from TP-1 is assumed to be 
9«S(K(r to the right of the positive y^lixwctlon. The 
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INucis is therefore directed approximately to 8 ''55' 
wot of true north. In addition, a S^dimemional 

cunilinear coordinate system is defined as follows: 
j' = j/^Oat* — 0, 1/ — +2,250 feet; the positive 
jr'-axis is directed along the horizontal projection of 

the "flow centerline"* in the direction of movement; 
the y'-n-xh is horizontal, perpendicular to x', and 
considered positive to the left when viewed down- 
f bcter. In the Caitlesuard sector the x, y and k', 

coordinatp systems approximately coincide except 
for a traniiiution o£ 2,250 feet in the (/-direction. The 



* Aa nws'iwrr line ob 



th« •urf«c« of thv riapirr that i* e^-rrrwh«rr parallel 
MRtee* «t Mm nfaiiiir vfctai* ami which ytmm mt 



x' coordinate measures the distance helow the 
proximate fim Hmit, and the coordinate measures 
the distance away from the flow centerline. These 
coordinate systems are shown on iigxire 9. 

Velocity stations on the glacier surface generally 
consisted of 1-inch wooden dowel stakes set snugly 
in holes bored 8 to 9 feet into the ice. Holes were 
drilled with a modified "Ahhnaim Bpoon" (Alkm and 
Smith, 1953, p. 757). Stakes were reset periodically 
as ablation demanded. About a cubic foot of sand 
was packed around each stake on top of the ice to 
retard enlargement of the hole by melting ; this tech- 
nique was only partly successful. Sighting was done 
to the center of the top of each stake, which generally 
remained tight until more than S itet had been ex- 
posed by ablation ; only 3 times were stake.s found 
to be l(x»Me in the holes a day or so after setting. 

Originally 63 stakes were set and surveyed bat 
only 47 were retained for velocity determinations. 
In addition, 4 stations of other types (aluminum 
plpeatem, log structures) were surveyed, but 3 cC 
these stations provided no information on veiiical 
motion independent of ablation. The nomenclature 
and mean location of each of the 61 velocity stations 
is shown on fipiire 9. and the locations of the 34 sta- 
tions in Castleguard sector during each field season 
are shown on figure S. tliese stationa form a longi- 
tudinal profile from terminus to above tiie firn limit 
and 8 partial or complete transverse profiles. The 
main ice stream south of the medial moraine in 
Castleguard sector was covered in greatest detail. 

Angles were measured from bench marks to the 
velocity stations using either a precise transit or 
theodolite. Coordinate locations and velocity com- 
ponents were computed from the triang^ulation infor- 
mation. An essential part of this project was to 
measure the experimental error so that the reali^ of 
many apparent fluctuations in placier velocity can be 
established. The precision of the measuring pro- 
cedure Is discussed on page 64. In general, the 
probable error of mea.surement of J^early velocities is 
about 0.7 fpy for horizontal components and 1.3 fpy 
for vertical components. Velocities measured over 
an interval of less than a year are generally not aa 
accurate. 

Most vekielty statiMia were surveyed twice during 

each of two summer."* and once durinpr the third sum- 
mer so that the two average summer velocities could 
be compared with average velocities measured over 
1 or 2 years. In addition, a few stations wne sur- 
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veyed at more frequent intervals to obtain detailed 
knowledge of the behavior of the velocity field us a 
function of time. The dates of survey of each stako 
are shown in fig^ire 10. Measured summer and an- 
nual velocity components are reported in table 1, and 
coordinate locations of the stations at different ttmee 
are triven in table 10. All velocitie.s are reported in 
feet per year; 1 fpy equals approxinwtely 10^ cm 
per second. 

Table 1 suggests a general deceleration from 1963 

to 1954. Much of this apparent deceleration, how- 
ever, was due to the movement of .stati«n« into loca- 
tions of less velocity and does not indicate a general 
change in the field. However, there seems to be a 

slijrht residual deceleration (about 0.7 percent in the 
Castleguard .sector) which is real. This could be due 
to the slight inequilibrium thinning because velocity 



of flow depends on a high power of ice thickness, but 

the effect is less than expected.^ 

nu«»irAt.TAitiAvioMe 

In general, sonmier velocities are markedly greater 
than yearly averajre velocities. The percentage dif- 
ference in the two velocities is apparently a function 
of position in the timgue (Ag. 11) but the data do not 
.show a consistent trend. The larpe variation in the 
data is probably due to short-interval Jerkiness in 
the motion. Apparently summer and yearly ydfld^ 
ties are nearly equal at the wefit end of Castleguard 
.sector {/' 4.000). The difference between yearly 
and .summer velocity is greatest in the eastern part 
of Castleguard sector (x* = 10,000). Seasonal peaks 

*AiMin(n« Clm't MpcrlnmUl feramk f«r mtp (fll«>. p. snt 

wA Ny#'i« int(^'rk1i4kn« for a Klari»r in ft nvmtrlrfular or v.Ty wldv ch«nn»: 
< Nyr, I9&2m, |>. r*4*H5j, the diffrrmrc in velocity between lurface and baM 
»huuM hv ■|»pr<'«lw«t..|y pn>puplU»nal to (he 4tb power of ice thk>ne«s. Kor 

the averajT"* ohners , 'hi.ririiit' in ( 1' k- li. ni «».rt,.r (ft ynr^i 'hia WMlM 
BUi:re9t a 2 ttert-'T' .ir-'i in *: rlcr.-i: r ml ..:<.it> i>«t >r-.r The unkMWH 
«lf«ct of lhiiin*ti|[ -xt l^a^l ^ll^llnir must also be conaiderrd. however. 
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in vdoeity may progress from the flm, in winter, to 
the extreme terminus in fall in some valley grlaciers 
(Hess, 1933, p. 73). It is possible that similar 
"waves" paaaed throurli the lower i»art of Gasite- 
guard sector during the July and Aiijpiat meaauriiis 
periods. 

aHOBT-INTKBVAL. VARIATIONS 

Glacier motion is known to be jerky with respect 

to measurements made on an hourly or daily schedule 
(Klebelaberg, 1948, p. 86-88). but the detailed form 
of fhe variations and their cause is not known. Hie 
velocity of stake.s 6-1, 6-2, and 6-4 was measured 
once a day for 22 days in 1952 to obtain data on these 
short-interval fluctuations. A marked variation in 
flow rates was found (llg. 12). 
in 1963 the measurements were continued at 12- 




hour intervals for 18 days (figr. 13) using 5 stakes 
arranged in a cross, one arm transverse and the 
other parallel to the direction of ilow. Angles to the 
stakes were turned from n T-nference mark painted 
on the cliff near TP-9. Experimental error was 
greatly reduced fay using a theodolite housed In a 
tent, and the precision of the measuring procedure 
was tested (see p. 64). Probable errors of measure- 
ment and the limits within which there is 95 percent 
confidence that the measurement was correct are 
shown with the velocity data in figure 13. Percent 
deviations from the mean velocity for each stake and 
the average deviation for each time interval of 
observation are shown in figure 14. Concurrently 
with the 1953 velocity measurements, atmospheric 
pressure at camp was recorded with a barograph, air 
temperature 1.5 feet above the ice at stake 6-2 was 
measured with a thermograph calibrated with a 
mercury thermometer, and synoptic observations of 
precipitation, cloud cover and wind were made at 
the time of each observation. These meteorological 
data are shown in figure 14. The standard deviation 
of velocity for each stake, expressed in feet per year 
and in percentage of the mean velocity, and the 
.standard deviation of the velocity of each stake from 
the 5-.stake average velocity during^ each tine iB> 
terval is given in table 2. 

Table 2 — Standard dtviathn cf wboOy 
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These velocity data show profound fluctuatims. 

Sudden increase.s in velocity up to 170 percent and 
decreases as large as 230 percent (resulting in back- 
ward motion) were recorded. As shown in taUe 2 
the disper.sion of velocity is; greatest for the stake 
with the highest velocity (6-4). Percentagewise, 
however, a very slight increase in dispersion frmn 
margin (6-1) to midglacier (S— 1) is .shown. A pro- 
file downglacier, from 6-2b through 6-2 to 6-2a, 
shows a marked increase in dfeperaion. Tiiis effect 
could have been caused by a jerkiness predominantly 
in a direction more perpendicular to the line of sight 
of 6-2a than of 6-2b, or it might have been due to 
differences in the local structural environment 
Stakis G-2a and 6-4 moved independently, while 
stakes t>-l, 6-2 and 6-2b moved somewhat as a solid 
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unit (their dispersion from the 5-«take avenge 

motion averages only 19 percent). 
Most of the erratic 12-hour fltietuatioiiB were not 
ynchronous from one stake to another. However, 
rlijctuations of 1.5 days or longer were often indi- 
cated simultaneously by all stakes. No evidence was 
found from the 1958 data that short-period "waves" 
of increased velocity traveled down or across the 
glacier, but there is a suggestion in the 1952 data 
that some major fluctaations in midgrlader vetoci^ 
were felt by ttie marginal stakes after a delay of 2 
to 3 days. 

A slight relation between air temperature and 

velocity is apparent. The air temperature was meas- 
ured at a point 4.5 feet above the ice near stake 6-2, 
and b representative of the air temperature at this 
height at all 6 velocity stakes, but b not representa- 
tive of thf temperature at the measiin'np instrument 
location. Average velocity deviation is plotted as a 
function of temperature in figure 15. The correla- 
tion coefficient of these data to a linear relationship 
(fitted by the method of least-squares) is 0.307. By 



a standard statistical analysis (Hoel, 1947, p. 89) it 
was determined that this correlation was not signifi- 
cant and that there is about 1 chance in 6 that as 
good aa apiwraBt relation as this could be obtained 
from a random sampling of unrelated variables. 

Precipitatiun seenui to have some effect on velocity. 
Perhaps it is significant that the great fncrease in 
velocity shown by all stakes Augrust 29 to 31 coin- 
cided with the heaviest rainfall. However, these 
rainfall data are not quantitative and no firm eon- 
elusion:-: c;ir. be drawn. Barometric pressure, wind, 
and cloudiness show little or no relation to velocity. 
Incoming radiation from sky and sun is a f anetion 
of the degree of cloud cover; so it seems that the 
velocity and radiation data are not related— contrary 
to many statements in the literature (Drygalski and 
MachatBchek, 1942, p. 111-112; Kkbelsberg, 1948^ 
p. SR). 

The jerky motion cannot be explained satisfac- 
torily. The sharpest variations are not ajmchronooa 

from stake to stake, therefore, they cannot be due to 
any general or regional effects such as weather 




changTPs. T.onprr variations mij?ht be caused, or 
aided, by lubricatiun of shear surfaces or the bedrock 
channel during warm or wet periods. The jertdnew 
involvrs domains of limited size (not more than a 
few hundreds of feet in horizontal dimension) be- 
cause thcM domaim cannot be larger than the dis- 
tance between stakes. Therefore, irrpprular differ- 
ential movements which may be due to irregular 
tilting or fracturing of blocln betwem crevanes, 
must take place within the ice. However the observa- 
tion that dispersion increases from stake 6-2b to 
suggests that fhe main direetion of jerktmss 
(if there is one) is not perpendicular to the crevasses. 
If there was a preferred direction of jerkiness per- 
pendicular to the crex'ttsses, the dispersion would 
have appeared larger at stake 6-2b than at 6-2a 
because of the method of oliservation (fig. 13). 
Irregular rotations of the intercreva.sse blocks may 
contribute to the jerkiness. Local domains of plastic 
shearing jiroViably hemme active sprtradically lie- 
cause ice shows negligible strain hardening. Be- 
havior of this ^rpe has been observed along shear 



planes in an ice cliff in Greenland (White, 1956, 
p. 40-46) and in the Alps (Chamberlin, 1928, p. 16- 
.19), and on a microscopic scale in laboratory experi- 
ments (Ivanov and Lavrov, 1950). This effect oottld 
have caused the observed velocity fluctuations. 

BWUABY OPnMB>DUIpaBBION OF VKLOCITT 

The velocity at a given point on the glacis surface 

shows a complete time spectrum of variations. Ob- 
servations for months or years indicate variations 
that may be due to changes in melt water lubrication 
or changes in ice thickne.s.'i and are generally syn- 
chronous between nearby points. Fluctuations having 
wavelengths sufRciently short to be detected in daily 
or twice-daily observations reflect irregular diff«r- 
pntial movements of small domains of ice and may 
be due to local sporadic shearing. The amount of the 
fluctuationa decreases wftli increasing wavelength 
(period of observation) as shoA^-n in figure This 
sTijrjresLs two conclusions of great importance: (1) 
The accuracy of a single velocity observation, as a 
measure of "average" velocity^ depends on the loigth 
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of the observation period even with perfect experi- 
mental procedure. (2) The flow appears to be cnm- 
prised uf a large number of individual short wave- 
length "pulaes" or fluetuatiotls. The rdation between 
dispersion and vvavelen^rth mijrht su^rjrest the mapni- 
tude of individual fluctuations that make up the flow, 
but the dispersion values for long periods of observa- 
tion are too crude for firm oomeltisloiM. 



coHnoraAiwii ov ibb sustacs TSfcocm nus 

Aceumuhition or abhttkm retHreseiitB a flux «f ice 

through the surface of a placier; therefore atream- 
lines of ice flow are generally not parallel to the 
surface. The rates of aeeunralation or ablation and 
(low vary across a glacier; th» rcf re streamlines of 
flow are generally not {wrallel to the valley walls. 
Thus measurement of three components of velodt7 
of the ice at each point is necessary to define the 
velocity field. Componenta of velocity parallel to the 
X, y, and z coordinate axes ware measured by tri- 
angulation and other components of tlie v«etw (F^ 
Kr> resolved from these. 

The following components are measored In a 
vertical direction. Upwards movement is considered 
positive. All components are referred to a coordinate 
system fixed in space unless otherwise specified. 

V, Tin TdocHy of a particle of Im> 

V, The velocity of accirarolBtion or abUtion <• paslllfe 
value denotes accumulation, a negative valm aUk- 
tion), relative to a coonUaate flawl to A* ine Vtty 
close to th« turf ace. 

V4 Tkt vdodtgr «f viae «i the glacier surface, dne to lee 
Boltaiit whldi woald oeenr if then wett a» at^ 
cnnmlation or abtatioB. This veloeHr oompooent 
ralatea the moving: coordinate tfthtm of V. t» tin 
flxed coordinate Hystem. 

Vt The ai tual velocity of rise of tlie glacier surface, doe 
to the action of l)oth V, and V,. V. = V. + V'.. 

These components are illustrated in figure 17. 
Measored and assumed values for Uie diHinent com> 
ponents of the averajre velocity at each stake are 
reported, along with x' and y' coordinate locations 
and surface slope (tan a), in table 3. The obeeryad 
variation of and over tiie whole of tin tongue 
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is sImwii in flgure 18. For the Castleguard sector the 
variation of V,. is shown in figure 19, in figure 20, 
v., in figure 21 and in figure 22. Profiles of7^, 
V„ V« and surface slope alonir Om centarlfaie are 

shown in f^ir.- 23. Tran9%'erse profiles of V, In 
CaatleKUiird setior are presented in fipures 24 and 2&. 

HOHIZONTAIi DOW^UUACIKB COMPOXBNT 

This oomponent (V^) ranges from 88S fpy at the 

firn limit to 12 fpy at the extreme terminus. The 
data show variations similar to that commonly ob- 
served on valler gtoder B g r a dual decrease from lira 
limit to terminus because of the rlecreasinjc quantity 
of ice transported, and a decrease from centerline 
toward margin because of the drag of the valley 
walls. The decrease along the centerline is uneven 
because of changes of surface slope (iig. 23). In 
Castleguard sector the velocity is constant wifhfai 10 
percent across the central half of the glacier but falls 
off rapidly in the outer quarters of the width to a 



very small amount at the margins (fig. 24). Extra- 
polation of the transverse profiles shows that margin 
slip along the south border of the glacier in Castle- 
guard sector is less than 6 percent of the centerUne 
velocity (fig. 25) except where a resistant bedrock 
bulge constricts the flow between x' = 6,000 and 
«' 7,000. In this area the valley wall is vertical, 
strongly polished and striated, and the m.irjjinal ice 
is highly crevassed and contorted; whereas else- 
where moraine<overed stagnant ice borders the 
flowing piacier. crevasses die out toward the margin, 
and the transition from flowing to stagnant ice 
occurs over a zone several feet wide. 

HiMoaoinMii BisBiraTa oompombht 

A transverse component of flow (V,,) in the 
ablation zone of a valley glacier results from de- 
creased marginal velocity in relation to average of 
the cross section (Nielsen, 19&6, p. 11-^1). This 
effect is clearly shown in the transverse profilee of 
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MODE OF FLOW, SASKATCHEWAN GLACIER, ALBERTA, CANADA 
Task t. — Vtloeitif eamp9iuw(«, »i«p», abiatUm, and tur/ac* lowering at Mloetty ttakta 
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the 3, 6, 15, and 14-senes (table 3). In the lowest of 
the profikB (the 14 series, «= 20.000) the mnshial 

flaw (liverpe.s from the centerline by 4.0 fpy, but the 
ans:le the right margin makes with the centerline of 
the glaefer is such that the horizontal veloeily com- 
ponent normal to the margin i» about 34 fpy. OvpO" 
site Castleguard camp (x' — 10,000) the transverse 
velocity along the south margin is about 18 fpy 
relative to the centerline (fig. 20) and 9 fpy relative 
to the margin. On the other hand, the lateral flow 
in the 8-series profile (x' = 5,000) is strongly con- 
vergent This is undoubtedly due to th« supply of 
ice from both mar^'ina at and upglacler from this 
profile, and the bedrock bulge at x' — 6,500 may 
have an influence. Tho tniuttioii from eonverffeiit 



to divei^^ent flow occurs at — ^BOO and shows as 
• 'Mile*' in the map of v.. (fig; 90). 

This component (V,) was measured in relation to 
a coordinate system fixed in space and thus records 
the absolute rate of change in elevation of a parttcte 
of ice. Along the centerline. the vertical velocitj It 
negative (downwarrt."^) from the firn limit through 
Castleguard sector but slightly positive (about 2 
fpy) and relativdy constant over liie lower half of 
the tongue (fig. 23) . In transverse profiles the verti- 
cal velocity is invariably upward<< along the margfinSt 
giving a pronounced transverse gradient in the upper 
parts of the glader. In CSastlegunrd aeetor n Utrs* 
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EXPLANATION 



Lines ol equal at inlMtMit 
af2.SfMt{NryMr 




oval-^haped area in midglacier shows n«fatiTe verti- 
eal motion of nore than 10 fpy (fig. 21) . 

coMPommr of scrt acb kiss dub to icb motion 

This componmt (V^) is the velocity of rise or fall 
of the ice surface which would take place, due to ice 
motion, if there were no accmnalatloa or ablatioo on 
the surface. With respect to a coordinate system 
fixed in space, it represents a flow of ice towards or 
away from the ioe surface. Therefore it is not neeeiF 
sarilv equal in magnitude to the flux of ice through 
the surface (the accumulation or ablation, V.) be- 
cause the surface is genersHj sweeping upwards or 
downwards in space. This component should not be 
confused with F. (the absolute change in elevation 
of a {Nurttele of ice) whieh depends on the angle 
between the velocity vector and the horizontal. The 
component V,< depends on the angle between the 
vekwlty vector and the lee eurfaoe: II the vdodty 
vector is inclined downwards more steeply than the 
surface slopes, Vt will show a flow of ice dowm and 
away from the surface (negative). M the veloeHy 
vector parallels the surface, V< is 7,cro. If the velocity 
vector plunges leas steeply than the surface, or is 
horisontal, or is IneUned upwards, Vt will show a 
flow of ice toward the surface (positive). 



If the elevation of the Ice snrfaee is stationary in 

space for a long period (an equilibrium glacier), 
and V, (the accumulation velocity) are equal in 
magnitude but opposite in sign. Thus the component 
Vt in an equilibrium glacier compensates for accum- 
ulation or ablation at the ice surface. This relation 
has been pointed out by Reid (1896, p. 917-918; 
1901, p. 750). 

If the elevation of the ice surface is not stationary 
in space for a long pwiod. the glacier Is in a noiw 
equilibrium condition. over- or under-compen- 
sates the accumulation or ablation, resulting in a 
vdoeity of surface thickening or thinning (V,) 
acoording to the refaition 

Thi.s relation follows directiy from the vector din* 
gram (tig. 17). 

The quantity can be postulated as tiie SUm Of a 
laminar-flow component and a component due to 
horizontal divergence of velocity. The laminar-flow 
component represents motion paniliel to the bed and 
re.sulLs in a surface change if the bed and surface 
are not parallel. 

A glacier with negligible internal or basal ablation 
and composed of ioe which does not dianga in density 
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with tinw. measarements of T^i on the surf aee can he 

used to determine the ice flow into or out of specific 
parts of the glacier. This can be seen as follows : In 
the ensuinsr diacasaiona of flow, attention will he 
directed on points or regions fixed in space, and the 
flow of material through these regions will be studied 
(Che ao-ealled Bulerian method of hydrodynamics). 
Cooalder a surface S parallel and in the same general 
vicinity as the glacier surface, but fixed in space and 
time. If the velocity of the ice is given by V, the 
velocity of flow through a small element of that sur- 
face 'v: V "iS, If V and SS intersect a horizontal 
plane ai aiiKltH of t" and a reapeclively, the velocity of 
flow throuKh h% is given by V'lS = F sin U — ■) 
IS wherein V and &S represent the scalar magnitudes 
of V and SS. The projection of i% onto a horizontal 
plane (a map) has the area IS cob «. From figure 17, 
r< —y (tan « coa < — ain £). Therafoft V/lS 



ea8a = V'IS. Thus, the total flow velocitsr tkroagh S, 

that is the intejn"al of V SS evaluated over the irreg- 
ular surface S, can be determined by the simple 
operation of sunmiing products of and map area. 
Unless there is appreciable density change or in- 
ternal ablation, this sum measures the net flow of ice 
into the volume underlain by S beeaiue of the restrie- 
tion of continuity. Therefore measurements of Vi 
can yield valuable information on ice diaeharge and 
velocity at depth. 

Along the centerline, \\ is negativa from the fim 
limit to ar* = 6,000, but in Castleguard sector it 
increases downglacier to a value of +10 fpy at ar" s 
14,000, and ia oonstaat at tUs value for the lower 
half of the tongue except for a alight decrease at the 
terminus (figs. 18, 23). In tranaverse proflies 
increasea away from the ecnterliiie reacUog 
mum near, but not at, the marglii (fig: 22). 
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Actual lowering of the surface of Saskatchewan 
Glacier waa measured during the interval 1948-64, 
ahowlnff that this gUder wm in a nonequilibrium 
corKiitinn Values of Vg can b€ compared with sur- 
face lowering and ablation (fig. 26). These three 
quantitias wen meaaiired indqNaidaitljr: V« 
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downglacier vELOCiry infeetpervear 

Fmvu 24.— D«nrn(liKt«r velocity ■lonx four irsBtwrw proAl** la CutksuM^ 



measured by trlangulation surveys of the moYemmt 

of a stake in space, V by the depression of the ios 
surface down the length of the staJie, and V, hy 
topographic surveys of the glacier at two different 
times. The poor correlation between the two sets of 
data is attributed to the relative inaccuracy of the 
lowering and ablation values. The surface-lowering 
velocity was measured firom 1948 to 1954 whereas 
the other velocities were measured from 1952 to 
1954. Probably the rate of surface lowering or the 
ablation has changed with time; these possibilities 
would alsD cause scatter in fi^rure 26. 

The average value of Yt obtained by measuring 
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areas within contours of V« on figure 18 was 4.1 fpy 
in Castleguard sector and 9.9 fpy for the tongue 
below Castleguard sector. The averajre ablation for 
these two areas was 8.7 fpy and 13.2 fpy, respec- 
tively. The dlffonenoes Iwtween ttwse values 4.6 fpy 
and 8.8 fpy, reaffimi the previoos cendustoa thai 
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thinning was actually slightly greater in Caattoflttrd 

ttCtor than in the lower part of the ♦nnpiip. 

DtRBCnON OK THE VKIX>CITy VUCTOR 

The plunge of the velocity vector of a particle of 
ic« shows a gradual change along the flow centerline 
from a slight negative angle in the Castleguard sec- 
tor to a positive angle at the terminus (pi. 5). The 
phingie is sliirhtly greater than the surfaoe dope in 
the upper part of Castleguard sector. The angle 
between the ice surface and velocity vector increases 
steadily dowmrlacter reflecting increase w constancy 
in and decrea.se in T'.^ in this direction. 

Velocity vectors in a map view converge in the 
Mpper part of Castleguard sector and diverge In the 
lower part, and the angular spreading increases 
slightly but steadily downglacier (fig. 19) . 

Jn a transverse profile perpendicular to the ice 
surface the velocity vectors spread away from the 
centerline (fig. 27). It is especially interesting to 
note that at the margin the vectors in this plane did 
not parallel the margin. This angular relationship 
is necefuary so that ablated ice at the margin can be 
continually replenished. 



r IPATISBM AT TKB lODIAI^ MORAINS 

A medial moraine represents the contact between 

two separate streams of ice. Current.s of ice in a 
single stream moving side by side at different veloci- 
ties have been observed (Battle, 1951, p. 690), and 
it has been suggested that the ice streams on the two 
sides of a medial moraine might flow independently. 
Has would cause severe shearing along the moraine. 
Foliation, a structure in the ice apparently caused by 
shear, is intense along and in the medial moraine of 



Saskatchewan Glacier. It is inatmctive to examine 
the velocity pattern there. 
A sharp change in velod^ at the moraine occurs 

at the highest transverse profile, x' = 5,000 (fig. 24) . 
The trunk glacier flows 235 fpy at a point 200 feet 
from the medial moraine, only 11 fpy less than the 
centerline velocity. The velocity at the center of the 
moraine is only 202 fpy, and 300 feet farther north 
(well into the tributary ice stream) the velocity is 
198 fpy. This indloiteB a strong tranaverae gradient 
in velocity along the trunk^rlMic Bide of ttie medial 
moraine. 

On the other hand, the transverse gradient in 

velocity at x' 7,500 shows no great change at the 
medial moraine (fig. 24). Three stakes were placed 
in a 92-foat transverse profile across the moraine to 
measure shearing but the difference in horizontal 
velocity recorded between the end stakes is only 1.5 
fpy, which is close to the experimental error. The 
difference in vertical velocity is only 0.7 fpy. This 
measuring location is not conveniently located for 
accurate triangulation so horiau^ntal converging or 
spreading of velocity vectors across the moraine 
could not be measured. 

These results show that the flow of the tributary 
glacier, which initially has no component parallel to 
the main glacier, is gradually pidted up Iqr Hie tnoA 
glacier for a distance of leas than 4,000 feet. Most 
of this eastward flow is imparted in the first 2,200 
feet Beyond the 4,000-foot interval the trunk and 
tributary i^acicrs flow together aa a unit and tbe 
medial moraine ceases to marie a diacontinulty in 
velocity. 
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ENGLACIAL VELOCITY MEASl KEMENTS 

The velocity distribution within a flowing glacier 
Kas Umg been a matter of HiecHraUeal apeeuttoBan but 

few actual measurements have been made. Gerrard, 
Perutz, and Rocb (1952) measured the velocity dis- 
tribution from aurf ace to auppoaed betkoek in a fim 
basin near the Jungfraujoch in Switzerland. Sharp 
(1953) measured the velocity change with depth 
alrag a vertical line reacMnir halfway to bedrock in 
Malaspina Glacier, Alaska. McCall (1952) measured 
three-dimensional components of velocity in a hori- 
zontal tunnel to bedrock in a small cirque glacier. 
Some observations of various components of velocity 
have been made in tunnels within a small flrn cap 
(Haefell and Brentanf, 1955-56) and in several ice- 
falls (Haefcli, 1951; Glen, 1956). Apparently the 
velocity distribution at depth in a valley glacier flow- 
ing in a channel of simple configuration has never 
been measured. Such dat* would be of flrst-order 
importance for the framing and testing of theories 
of flow, because the approximate stress distribution 
at (b^hs can be calculated. Therefore, a project to 
determine enghu ial velocity at depth in Saakatche- 
wan Glacier was given highest priority. 

SITES 

Attempts to measure cnglacial velocities were 
made along tiie flow centerline in Castleguard sector, 
because the surface vpI ir ity and deformation fiekls 
and the bedrock coniiKuration were known in great- 
est detail. The first location selected (x = 9,660» 
y = 2,268, J 7.370 in 1952) is approximately oppo- 
site Castleguard camp. This point is designated as 
6-6 (ilg. 3). The foltowing vekwilr and straia mte 
(f, p. 32) components and slope w«!« measured 
on the surface at this site: 

V.' = 0 i„ = +(MN»9r* 

K. =-10.8£py «« = 0 

V4 = +6,2 fpy 

F. m-MtKf « ^siAL" 

This location is in a region of relatively steep surface 
slope and markedly nonlaminar "compressing flow" 
(p. 87). The cross section of the channel here in 



V«= +0.001 yr" 



■ r r ' \ 



■ elliptical and the depth is about 1,215 fcrt 



Attempts to measure englacial velocity were made 
in 1958 and 1954 at a site farihur upglaeier (x = 

4,590, y - 1,920, r - 7,670 in 1954) designated as 
stake 8-11 in 1954 (fig. 3). Velocity at this point 
was not measured directly, but components of ve- 
locity and strain rate have been interpolated from 
nearby stations 8-3 and 8-4 aa follows: 



V,' = 243 fpy 

V. =-8.2 fpy 
V« s-OJIfpy 

V. s-Mftat • sl.M« 

This location, ideally suited for mathemntieal analy- 
sis, is in an area where the flow is neither extending 
nor compressing and the velocity vector is nearly 
parallel to the aurCnce. The cross aeetton Is almost 
semicircular. 

MBTHOS 

The plan called for .sinking a pipe vertically to the 
floor of the glacier and determining the subaequent 
deformation of the pipe by means of repeated in- 
clinometer .survey.^, a procedure already used in 
other areas (Gerrard, Perutz, and Boch, 1952; Sharp. 
1953). Aluminum pipe of inner diameter 1.38 inches 
and outer diameter 1.65 inches, in 10- or 12-foot sec- 
tions joined by aluminum couplings, served as drill 
stem. The threads of the couplings were coated with 
calking compound, and little water leaked into the 
pipe. Aluminum was used instead of steel because it 
permitted use of a small-diameter inclinometer in 
which the bearings of inclination readings could be 
determined magnetically. Boring in the ice was made 
by electric hotpoints of 2.0 inches outside diameter 
(fig. 28). The source of power was a portable, 2,500- 
watt 220-volt a-c generator driven by a small gaao- 
line engine. Tlie pipe served as one conductor and 
the other was an insulated No. 8 stranded-wire cable 
strung inside the pipe with a pullout plug at the 
bottom. Normally the hotpoints were operated at 8.0 
to 9.5 amperes, dissipating 1,020 to 1,450 watts at the 
bottom of the hole. Drilling speeds of 14.3 feet to a 
maximum of 16.6 feet per hour were generally ob- 
tained. A hole dmmeter of 2.7 imdies for normni 
operation was computed on the assumption of no 
heat loss up the drill stem. A hole diameter of 2.85 
inches actually formed at the surface, using a soni6> 
what lower velocity of boring. Heat losses, therefore, 
were not important but some efliciency was lost in 
melting llie sides (tf tiie hots hy warn water. 

Aftrr completion of boring and withdrawal ^^f the 
cable, the orientation of the drill pipe was determined 
at 26-foot intervals with a small single-shot in- 
clinometer generously loaned by the Farsont Sur- 
vey Co. 

The inclinometer measured the inclination of the 
pipe from a vertical directitm. In this section, the 
term inclination or inclination angle refers to an 
angle measured from the vertical direction. 
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Relative displacements of points along the pipe 
were compttted from tite Inetinometer data as fol* 

lows: The inclination angles were first r-.s ilv> il into 
a plane parallel to the flow centerline by multiplying 
each inclination angle by the cosine of the horiniiital 
angle between the direction of inclination and the 
direction of the flow centerline. The resolved eaor 
flgumtion of tiie pipe waa then coin|iul»d to a ftrat 
approximation by a.ssuming that the resolved in- 
clinations were constant from Me point nidway 
between two reading points to the next midpoint. 
The horizontal displacement of each midpoint differs 
from that of the next midpoint by the product of the 
distance along the pipe by the sine of the resolved 
ineiination angle. This first-approximation config- 
uration was then plotted on pmph paper, A smooth 
curve, representing a better approximation to the 
true configuration, was drawn tangent to the known 
resolved inclination at each reading point (fig. 29). 
The relative displacements are given by the hori- 
zontal distances between two sueh earvss tak«i at 
different times. The relative strain rates (the ver- 
tical gradients in V«.) are given by the relative 
displaeements divided hy the vertieat diataneea and 
the time in*frv;il of measurement. The bottom of 
the pipe considered as the fixed point, because 
pieces ci pipe had to be removed from the top as 
ablation progressed. 

In normal operation the inclinometer readings 
were repvodoeible to 0 W in inclination and 2* in 
azimuth. Other possible errors (such as the effect of 
ice streaming past the pipe, sagging of the pipe due 
to its own weight, and resistanoe of the eoaplings to 
flow along the pipe) are discussed by Gerrard, 
Perutz, and Roch (1952, p. 555-556). These errors 
are negligible for the Sadiatchawan pipe owing to 
the extremely alight dtformatioa. 

BonHOLa 

The first borehole drilling in 1952. stopped at a 
depth of 85 feet owing to a burned-out hotpoint. A 
second borehole reached a depth of 165 feet, where 
penetration gradually slowed and eventually stopped, 
but electrical evidence indicated that the hotpoint 
was functioning properly. By the next morning the 
pipe was bound tightly in the hole ; 2 hours work with 
full power applied to the hotpoint and 3 men pulling 
on the pipestem failed to free the miit. This unit waa 

used in this condition for measurements. A third 

attempt at drilling was started 1,100 feet farther 
downglacier. After a few unsuccessful attempts 

cau.ted by faulty hotpoint connection.s, normal drill- 
ing speeds were obtained. Penetration ceased with 
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only M feet of pipe in the ica; afain the hotpoint 

was apparently functioning corrertlv After several 
hours work the pipe was forced past tlie obstruction, 
and drilling speeds of 7.51 and 10.9 feet per hoar 
were reached. At a depth of 113 feet progress again 
ceased, and after 3 hours of operation failed to gain 
an additional inch. During this period the pipe was 

becoming increasingly tight in the hole. The pipe 

was extracted with great diflkulty and had a notice- 
able kink 20 feet above the bottom. This hole was 

abandoned. 

In 1953 a more favorable site was found £arth«r 
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upgrlacter, where surface features sugrsrested less 
active deformation. This operation also ended in 
faflim when the deepest hole, 396 feet, waa lost in 
the process of replacinpr a shorted-out hotpoint. Im- 
proper functioning^ uf five electrical hotpoints was 
the prindiMl cause of failure in 1953; but a gradual 
seizin? near the surface, drifting into the side of the 
hole, and dropping a pipe wrench into a borehole 
contributed to the lack suoesM. 

The 1964 field season was larpely devoted to a 
final attempt at boring a deep hole at the 1963 site 
using improved, wateMiffht hotpoints. Howeiver, 
when boring was started on July 31, nearly Cy feet of 
snow and slush covered the ice, which is normally 
bare by eorlsr or middle July. The deetrieal equip- 
n.pr.t functioned satisfactorily and higrh drilling 
iipettds were obtained. However, progress in the first 
hole stopped at a depth cH 288 feet and a second hole 
reached only 290 feet. Failure was due to gradual 
seizing of the pipe in the hole, apparently at a shal- 
low depth. This was probably due to a cold nm— 
perhaps a remnant of the previous winter's cold that 
was not ameliorated because of insulation by fha 
heavy blanket of snow. 

Three summers' work drilling with hotpoints 
resulted in the successful emplacement of one 150- 
foot pipe oppo.site Caatleguard Pass ( 1952, 6-6) and 
the two pipes less than 300 feet lonj: farther up- 
glacier (1964, 8-11). (See fig. 3.) One of these latter 
pipes became useless when a connection was loosened 
aUowinff water to enter and f recM instda ttie pipe. 



In the 2-year interval the 150-foot pipe was slightly 
tilted and bent ; the top moved 0.71 foot farther down- 
ffUci«r than the base (flfr. 29). The base moved 428 
feet in these 2 years. The velocity decrease from top 
to base formed a smooth curve (fig. 30) similar to 
the curve found in tiie Jungfrauflm (Grerrard. 
Perutz, and Roch, 1952, p. 553), 

This curve is significant in that it is entirely within 
the so-called "brittle crust" of the glacier. Matthes 
(1900, p 190) end Demorest (1938, p. 724), amoilff 
others, have suggested that a critical thickness of 
more than 100 feet of ice is necessary to start glacier 
flow. Matthes, (1942, p. 174), however, noticed that 
the gradual tilting of borinp rods left in place in the 
Hintereisfemer indicated 8ume differential fiow at 
shallower depths. The Saskatchewan data show evi- 
dence of shearing even in the upper 20 feet although 
the dilferential flow at such shallow depth is very 
alight. It is perhmiB nuMre aignilleant that there ia 
no evidenoe ai a mariced diange in flow at any erit- 
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ical depth. There is no possible suggestion of extru- 
sion flow (Demorest, 1942, p. 31-38) in these results. 

The incliBometer nwasaremwiit data of the con- 
figuration of the 150-foot pipe in 1952. 195''. and 
1954 and of the 238-foot pipe in 1954 are presented 
in tobia 11. 

SOME INTERPRETATIONS OPTHE VBLOCITY DATA 
SURFACE 8THAIN-RATK FIKU) 
rtmUAMKNTAL, KSI^ATIO N S 

The gradients of velocity on the surface of Sas- 
katchewan Glacier furnish information on the de- 
formation of the surface ice. Components in,) of the 
■train-rate tensor in terms of velocity components Vj 
rdativa to Cartesian coordinates x, (t = l, 2, 3) fixed 
in space are given by the relations (Nye* 1967, p. 
115} 



1 /dVj ■ dv,\ 

' 2 \d»t 



(1) 



Strain-rate components on the surface can be 
readily found if the .surface velocity gradients are 
known. For this case relations ( 1 ) may be written 



(2n) 

(2b> 

(2c) 



3* 
9V 

2 V ay 9x / 

where the coordinates (x, y) are as defined on page 
10. Values of V, and V« were plotted on 4 tranaverae 
and 8 kligitiidinal profika in the Castleguard sector, 
smooth curves were drawn through the points, and 
values of the 4 velocity gradients were determined 
at the 32 places where the profiles intersect (flg. 31). 
From these data the strain rates and 
were determined using relations (2). Values of 
the greatest prineipsl etongation rate (Si) the least 
(most compress incl principal elnnt-ation rate (l ) 
and the maximum ."^hearing deformation rate 

■^"(ii — were determined l)y Mohr's circle con- 

structions (fig. 32) . These data are summarized in 
table 4 and are portoayed in temu of the orieirtatieiu 
and magnitudes of the principal elongation ratet^ in 
fiKure 33, trajectories of principal strain rate in 
figure 34, trajectories of maximum shearing strain 
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nte in figure 35, and masmtudes of the normal 
strain rates parallel to tiie x- and if>az«« fn flstm S6. 

Many assumptions and approximations are in- 
volved in these computations. The more significant 
of these are: 

Approximation of plane atrain. — By this it is 
assumed that the vertical component of velocity is 
approximately constant independent of position. 
This assumption is necessary in order to compote 
the orientations of the principal strain rates The 
following line of reasoning suggests that the de- 
formation must be predominantly in the form of 
plane strain : The stress tensor must have a principal 
axis perpendicular to the surface because air can 
sustain no shear fltreaa. Th« ice in Caatlegiiard aeetor 
is approximately is-ntmpiV in mechanical properties 
except along the extreme margins and at the ter- 
minus (p« 6). For an iaotroirfc material. It is 
generally assumed that the principal axes of stress 
and strain increment (or strain rate) coincide at all 
times (Hill, 1960, p. 38) . Thus the strain-rate tensor 
probably Ims a principal axts perpcndlealar to the 

surface. Inspection of the %'elocity gradient data 
(fig. 31) shows that the sum + *n does not equal 
zero at most points, and insp^tion of the map of V, 
(flg. 21) diowB that a aUgfat lioriaantal gvadint «f 
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V, existB, 80 the measured strain rates do not indlcato 

a pprfpct plane-strain condition. This is only partly 
due to the fact that was not measured perpen^ 
diealar to the sarface. 

Substitution of average for instaHtaneotui veloci- 
tiet. — This occurs when finite displacements are 
divided by intervals of time in order to determine 
velocity. Actual strains up to 20 percent were meas- 
ured in a year'.s time, and if velocity varies with time 
in these regions of high strain rate the resulting 
average velocity lield will be inaeeurate. Howevw, 
the resultinjf strain-rate configuration probably is 
valid because (1) high rates of strain occur only 
very near the margin and (2) near the margin the 
fif'formation is nearly pure shear. In pure shear, 
gradients of velocity are small in the direction of 
the velocity vector, and the average velocity for an 
extended time interval is a good approximation irf 
the instantaneous velocities. 

Method of meaturing velocity gradients. — Draw- 



ing a smooth curve tiiroogh widely separated points 

is a subjective prcx-edur*', :\i\d gradients determined 
in this manner are certainly of questionable validity. 
Different curves trough tin sano points determined 
values of strain-rate components differing as much 
as a strain rate of 0.3 percent per year of strain rate. 
In the vicinity of the flow centerline this is an appre- 
ciable fraction of the measured strain-rate coill« 
ponents. Thus the strain-rate components in the 
central strip of the glacier are not precise but the 
general conftguration must hold. 

Assumption nf a hori:onfal ice surface. — Velocity 
components parallel to the surface must be used if 
this computation is to be exact. Horizontal com- 
ponents were used in.stead. This is equivalent to 
assuming that the ice surface is horizontal. The sur- 
face slopes 8*28' in the -f-ar' direction with a pro- 
nounced lateral slope only near the margins. There- 
fore the horizontal velocity components must not 
differ by more than 1 percent from the corresponding 
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components parallel to the surface. Longitudinal 
diBtanoes aloiiff fhe surf aee, however, are Incorrect 

by as much as 6 percent- Furthermore, the two prin- 
cipal strains on the surface are not exactly perpen- 
dicular when projected onto a horizontal plane, ^e 
combined error of all of these approximations cannot 

frreafpr than 10 percent for moat points and gen- 
eral confiKuration should be valid. 

The results show that most of the surface de- 
formation is caused by the transverse gradient of 
longitudinal velocity and that all other velocity gradi- 
ents are relatively small. The principal axes of d^ 
formation are. therpfore, lonri'ndinal and transverse 
to the flow along the centerline and intersect the 
marsrins at approximately 46* (figs. 88, 84). The 
influence on the orientation and magnitudes of the 
principal strain rates of this increase in t,, toward 
the margin is shown in the progressive changes in 
the Mohr's circle constructions along transverse pro- 
files (fig. 32). Trajectories of maximum shearing- 
strain rate (analogous to slip lines) are almost 



parallel or perpendicular to the margin except near 
the flow centerline wlwre fhey swing, abruptly, into 

a 15' relation to the flow (fig. 35). 

In addition to this shearing deformation due to 
the drag of the valley walls, there are finite values 
of longitudinal (<„) and transverse d,,) normal 
elonjrations cau.sed by other factors (fiR. 36). Tn 
the upper part of Castleguard sector there is a very 
slight longitudinal extension along thft interline 
amounting to about 0.1 percent per year. This is 
"extending fiow" in the terminology of Nye (1952a, 
p. 87), who has postulated that extending flow may 
develop in a very wide, pla.stic-rigid glacier if there 
is accumulation on the surface or a bedrock channel 
convex upwards in longitudinal profile (Nye, 19S1, 
p. 561). Thi.H area i.s below the firn limit; therefore 
according to the postulate it must be as.<!umed that 
the bedrock is marlcedly convex to longitudinal pro- 
file, t: measured surface and bedrock proAlM Cpl* 

1) .show this. 
At about x' = 7,000 the longitudinal normal strain 
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nte is zero and below this point it is negative ("com- 
pressing flow") reaching a maximum value of — IJB 
poneent at x' = 9,000 along the centerline. This is 
apparently due to ablritim fNy- , 1951, p. 561). 

The transverse normal strain rates change from 
OMnpreuive in liw upper pftrt of Caatleguard secAor 
to extending the lower part. This is due to a pinch- 
ing of the channel at x' = 6,500 and the change from 
BUVliui) Mcunulatioii above «^ 5,000 to pro- 
nounced marginal ablation below x" = 7,000. 

The transition from longitudinal extension and 
tniuTerae comprcflBion to kngitudinal compression 
and transverse extension cause- a trong warp in 
atnun-rate Aeld with a branch point along tbe south 
naigin at about 3^ » 6,600. This area atastafmi a 
complex fracture pattern: two sets of crevasses 
intersect with the formation of curving bands of 
contorted en echelon fractures (p. 56, 57). 

Tb6 atrain-rate data at most pointa ahow a net 
compression (;„ i.s negative). The a^'erape value of 

T i,w for the 3 lower profiles is —0.23 percent per 
ytar. One can nfdy aaauim timt tim* no volo* 
metric plastic compression of the ice because the 
density does not change appreciably. The compress- 
ing vdiocitjr in the 9-y pltine must be reliflved by a 
vertical extending velocity in order to preserve in- 
compressibili^. If it is assumed that the horizontal 
eompreflfling rate does not change with depUi, and 
if the base and the surface slopes are the same, then 
the vertical extension rate for a vertical prism may 
be computed aa 

<8) 

where d ia tiie thickneeB of the glacier (length of the 

prism). This vertical velocity Is identical with the 
component V4 mentioned previously <p. 24). All 
quantitieB in equation <S> except d can be measured 
on the surface so this equation could be used to de- 
termine ice thickness. The Saskatchewan strain-rate 
data are too crude to use for quantitative depth meas- 
urements. For the south half of tiM Castleguard 
sector, the average value of V,, was measured as +4.1 
fpy. The computed average depth is 1,740 feet. This 
is of the proper order of magnitude, but differs fnxn 
the measured depth by nearly a factor of 2. 

nSFORMATION INTBMB DIMBNHIONS 

Computation of all nine components of the strain- 
rate tenwir on the surface requires knowledge of the 
vertical gradients of both horizontal velocity com- 
ponents. These data are not readily obtainable, and 
therefore little is known about the orientation and 
magnitudes of all axes of the rate of deformatioii 



tensor as a function of position. 
The complete strain^mto tensor is known at the 

vertical borehole site m. Uie centerline (stake 6-6). 
The following components were computed in percent 

per year : 

tos+Oa 0 S.. = -1-0.8 

Within the limits of error, the principal axes of 
strain rate are oriented parallel and perpendicular 
to the surface at this point, and two principal axes 
a!-e in 'he plane of the centerline. The greatest prin- 
cipal elongation is vertical, the greatest principal 
compression horizontal and longitudinaL Probably 
the deformation state is similar to this all along the 
centerline up to = 7,700. Farther upglacier, the 
relative values, but not the orfaotatioos, of the prin- 
cipal axes are difTerent. 

The principal axes are probably nearly perpen- 
dicular and parallel to the surface over most of the 
glacier surface. However, definite transverse gradi- 
ents in vertical velocity were measured. A slight 
inclination of the principal axes is required to allow 
for this vertical shearing. The amount of inclination 
cannot be approximated because the vertical gradient 
in transverse velocity is not known and is probably 
appreciable. 

now lAW ov n» 

A flow law — ^*'the quasi-viscous creep rate as a 

function of stress" (N^'e, 1953, p. 477) — is the starts 
ing point for calculating the flow of glaciers. No 
flow law derived from theory for potyerystslUne ice 

has been generally accepted, so recourse to experi- 
ments is necessary. A nonlinear empirical relation 
between shear stress and strain rate has been dis- 
covered for artificial polycrystalline ice in the labora- 
tory (Glen, 1955) and for glacier ice in place (Gar- 
rard, Perutz, and Roch, 1952, p. 554). However, the 
exact form of this relation and the values of the 
empirical coefficients have not been clearly estab- 
lished because different types of experiments have 
given inconsistent results. Furthermore, the poasi- 
bility that strain rate may be a functicT^ of the mean 
stress ("hydrostatic pressure") in glaciers has not 
been invsstigated thoroughly. 

Observations on Saskatchewan Glacier contribute 
to the understanding of the flow law for glacier ice. 
A flow law can be derived, with several broad as- 
sumptions, from a transverse velocity profile (where 
the mean stress is only atmospheric pressure), and 
from a abort vertical profile of vdocity (where mean 
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stress increasp^j with depth). These data can b<' 
compared with each other and with data from two 
other vertical velocity profiles in glacieiw, numerous 
tunnel clo<;in;7-rate experinumts and ezperinMBtal 

deformation of ice. 

In order to compare these various experiments the 

stress and strain-rate data must be reduccri to a 
uniform basis. Stress and strain rate can be related 
for a slowly flowing material if the material is iso- 
tropic and incompressible, because in this case the 
stress and strain-rate principal axes remain parallel 
during plastic flow (Hill, 1950, p. 34, 38). The yield 
criterion for metals and presumably mmt other 
polycrystallino sub.stances is not affected by hydro- 
static pressure (Hill, 1950, p. 16). In order to deter- 
mine if this statement is valid for ice the assumption 
is made that it is, and then results from experiments 
involving different amounts of hydrostatic pressure 
are compared. 

Nye's assumption (1953, p. 479), that the stress is 
not a function of the total plastic strain and that no 
strain hardoiing' occurs is also adopted. It is thai 
a.^.sumed that the strain rata is a AinettoD of the 
deviator of stress: 

where 

•V' — — 3 «Ir* W 

The maKnitudt' of the deviator of stress is meas- 
ured here by the octahedral shear stress 0^ defined as 

where v,, v,, and an are the three principal stresses 
(Nadai, 1950, p. 103). 
An octahedral shearing strain rate <o is similarly 

defined as 

id -= I V (ix - W» + (i* - + (i. - (6) 

where «u **» and n are the 8 principal strain rates. 

The flow law relation to be measured and tested can 

then be written as 

io = /'{<.«) (7) 
Strain rates are obtained directly from measured 
velocity gradients according to tha relations (1). 

Stresses, on the other hand, must be computed and 
these computation.^ require additional a.-^.sumption.'! 
for each special case. It is important to note that 



the methods of Somigliana and l.,agally (Lagally, 
1929, p. 285-293) for computing stresses in a 
glacio* cannot be used because tiisgr deriva atren 
from predicted strains. 

The more important assumptions made in this 
approach are Bununariied as folhms: 

1. Hydrostatic pressure has no effect on the flow. 

2. The flow is determined only by the stress deviator. 

3. Total plastic strain has no effect on the flow 

(neither strain hardening nor strain aoftmung 
occurs). 

4. Tbm effects of transiant creep are niqllgiUft. 

6. Tlw flow is slow and steady ao that hMTtialforeaa 

are neprlifrible. 

6. Elastic strains are negligible compared with the 

phistic strains accumulated during th« period 

of observation. 

7. The ice is isotropic, homogeneous, and incom- 

pressible. 

STRESS Am OKFOitvATioir nr LAinwAX ri.ow 
The simplest assumjition that can be made about 
the state of deformation which produced the known 
velocity jrradit'nt is that the deformation occurred as 
simple shear in a direction parallel to the surface, 
and ttie only shear-stress components are those which 
produced the simple shear flow. This is equivalent 
to saying that the flow was laminar. The velocity 
vector did not quite parallel either the surface or 
the horizontal at the vertical profile mea.surinj? site 
and a longitudinal compression was measured, but 
this state of simple shear is a reasonable starting 
assumption. It is necessary to assume also that the 
Himpte .shear planes were parallel at all depths. 

8tr«M 

The stress on a plane parallel to the surface for a 
unit width of ice (flg. S7)* can be computed as 

follows : 

The shear stress is approadmatsly the t»n> 

gential component of the pressure due to the weight 
of the column 

a = yZ sin a 

where y is the specific weight of ice and a is the sur- 
face slope. 

This formula is valid only if the jrlacier is inflnitety 
wide. For a glacier flowing in a channel formed by 
half of a circular cylinder the flow has axial sym^ 

metry. In this case the increa.se of «r, v iUi increasing 
depth is only half a.s ^^reat as for an mhnitely wide 

> Notr that (hr i'- and t-axv arc drflnnl %t parallal and pcrVamUcvlar, 
mt'TCtWrly. M the MirfMC IMa M a dlflncBa* daflalllwi ibaa «te wMd 
In all oth*r pMtt af tU* rwort, Hid awIlM «i4r to Ikla awtl w ch «ka ««r. 

tica) pniAl*, 
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glacier but is still linear (Nye, 1952a, p. 85) On a 
vertical plane through the aads of a semicircular 



«r„ = g- y« sin a 

It seems logical to follow the a priori argument of 
Njw <1982t, p. 8&-8«) thttt th«w two eaam era te 

expressed as special cases of a more sfeneral relation. 
A simple general relation is that the increase of 
atreaa akmir the centerline is always linear and {hut 

the rate of increase depends on a "shape factoc** 
given biy the ratio of hydraulic radius R to total 
depUi d. This shape factor reduces to 1 for an In- 
ftnitely wide glacier and to one-half for a semicircular 

cross section. In general it will be between these two 
limits for most valley glaciers. Thus we assume that 

R 

ff« = yz ain a 

The principal stresses are (<t,j + <t, — tT„ + cr, ») 
where a is the hydrostatic pressure. The octahedral 
is 



2 J? 

3 d 



yz 8in<t 



(8) 



The shMrinir strun rate from eqiutions (1) h 
. _i 

2 a. 

The principal strain rates are ApproKiBUitely {ttm 
~ it*, 0). and the eqnivalant octahedral shearing 

strain rate is 

Aaaumpttons UmmI 

In addition to the assumptions listed under 
"Fundanmatal relations," two major approximations 
have been added: 

1- The increa.ie of stress with depth is assumed to 
be linear and the gradient of stress increase was 
assuned to be proportional to a shape &ctor. 



2. The deformation in the x, z-plane is assumed to 
he correctly shown in figure 37, V at all deptiis is 
parallel to V at the surface, and V does not in- 
crease or decrease in the xodirection. 



Values of 
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were computed from borehole dis- 



plaesnants (fig. 30) and m shown in llgnva 9$, 
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EXPLANATION 
• 

Vertical borvhoie, laminar flow analysis 

O 

Varticai borehoiv. dndiysi:> including 
longitudinal compression 

■ 

Horizontal profile, laminar flow analysis 

□ 

Horizontal profile, analysis ineludinc 

loogitutlinal extension 

snort lines indicate approximate limits 
of measurement error 
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Values of 00 computed from equation (8) and <» com- 
puted from equation (9) are pnmaM la teUe B and 

in figure 39. It can be seen that the rdaUon betWMD 

these quantities is not linear. 

No evidence of a yield stress appears in these data. 
Tlie shearing rates at the lowest streiMS (appar- 
ently the lowest which have yet been measured for 
ice) are somewhat faster than what one would pre- 
dict tram the behavior at hl|^ streeeeB. 

When this borehole was emplaced and the results 
first analyzed, it waa not possible to account for 
atoarinir streeses or strain rates due to horisaatBl 
extension or compressinTi. In an analysis published 
subsequently. Nye ha» included horizontal longi- 
tndinal extension or compression within the fnime- 
work of a general theory of stress and velocity in 
glaciers. He has also analyzed the Jungfraufim 
faordiole results (Gerrard, Perutz, and Roch, 1952) 
wittiiD this framework by using a trial assumption 
of a flow ]a\v. Some of his results can be applied to 
the Saskatchewan data. 



TaUB i.—Sfri-M and atrain-rate data from vtrtieal borthott 

[FortBuJju aiMi d«flnitionfl of synbok mn bIt^ii on p. St, 42 1 
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Acoordin? to Nye^s analysts (1957. p. 126), streis 
and strain-rate values can be deduced from a bore* 
hole experiment using the expressions 

, «o' 12 R *• . . 

OT^-^g^y^slna— (^) 

in which „„' and <o' are octahedral shear .stress and 
octahedral shear rate modified to account for a longi- 
tudinal compressive strain rate In addition to 

the ;i58umptions given previously Nye assumes that 
no stresses or strains are active in the y-direction 

* Tb«« raUtHMtN wh^n (^mblnt^ with I'tttmtiunii (*» and (9» %v'i rr '--Ii 
%*d Is tu* ih« symbols of thU report %rt ttUnckftl with Nvf'n «<iu*tl^M;- • xi--'\>; 
'a* • factor ot v My* rcpuru iti* flow law data in icrnui of an rtfrc. 

ti** Mnaa aiHt aimta mit ariiicli mw V l/t ttaitt Ik* aetabMlnl ihaar 



and that a» and oo are functions of x only and not of 
y. TransTerse and vertical extending strain rates 

are known at the borehole site. These additional 
components of deformation could be considered by 
an extension of Nye's theory. However, in view of 
the lack of information oa fliese components at 
depth, the inaccuracies in measurcTnent, and the cer- 
tain paucity of useful information in the nnai re- 
sults, further refinement is not justified. 

The effect of this modification of a„ and ia is to 
seriously impair the usefulness of the Saskatchewan 
borehole data fw deducing a flow law (table S and 
fljr. 39). This i.s because the constant .shear due to 
longitudinal compression overpowers the variable 
shears due to lamhiar flow, confining the spread of 
strain-rate values on a graph to an extremely small 
region. The lack of correspondence between relative 
values of «• and ««' is noteworthy (table 5) . 

Nye has shown that if the flow law is of the form 

(10) 

where A- and >i are empirical coefficients, the effect of 
longitudinal extension on the Jungfraufim results 
is to lower the apparent power>1aw eoeflleient it as 
calculated in a .simple laminar-flow analysis. By 
assuming equation (10) one can show that the 
Saskatchewan data behave somewhat similarly. Tb» 
average shearing-strain rate measured by the de- 
formation of the borehole was only a tiny fraction 
of the prevailing shearing-strain rate due to longi- 
tudinal compression, and even at the bottom of fhe 
borehole the borehole deformation shear was only 
one-fourth of the compreasional shear. This would 
suggest that if equation (10) were correct for ice. 
the simple analysis of the Sa.skatchewan data (p. 
3S-39) should have yield^i an apparent flow law of 
the Newtonian viscous ty^. The fact that it did not 
do thi.s (fiK. 39) indicates that either equation (10) 
is not correct or that Nye's analysis does not apply 
perfectly. However, the basic approadi we wish to 
use here is to first present the data and then see 
which type of flow-law relation best describes them. 

sraEss AND DEroaMAiiov iit lamimak flow 
The cross section of Saskatchewan Glacier at 
J-' — 5,000 approximates a semicircle (fig. 6). This 
\.< thi> only cross-section shape for a valley placicr 
that is amenable to mathematical analysis at the 
present time. In this case surfaces of maximum 
shearing .stre.Hs and .«train rate form cylinders con- 
centric about the fiow center! ine. We begin by assum- 
ing laminar flow. The complication of longitudinal 
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extension or compression is not pronounced at tius 
kteation. 

Straos 

The shear stress on these cylindrical surfaces as 
fivm by Nye (1952a, p. 85) is 

•-•sY**^**"" ^^^^ 

vvher- r is the distance from the centerline and a is 
the surface slope. The actual cross section is slightly 
elliptical. Tht MOcntricHy te sliirht, so it vasf be 
valid to allow for it by extending r slightly in the 
horizontal direction and compressing it slightly in 
the vertical direction as was done in equation (8). 
On the mnfaoe^ eqnatioti (11) may be wrfttcn as 

R 

= ^ y 2/ sin a 

where w is the width of the glacier. The octahedral 

shear stress «7a is 

«»»=''^-3»j*='^3— yf'rfn* (12) 

StnUn Rau- 

The shearing strain rate corresponding to equa- 
tkn (11) u givim bjr Tdationia (1) as 

1 

*^°2 By 
and the oetahedral ahearing strain rate is 

Via. 

Amumptlonn ITanl 

1. It fa asBamed that the tnnsverae gradient in 

shear stress is linear and is proportional to the 
gradient for a semicircular cross section. 

2. It is also assumed that V is parallel to the surface 
and that the surface is level in a crosa-glacier di- 
rection, and that there is no longitudinal or 
transverse ntemton or compression. 

Values of stress computed from equation (12) and 
strain rate computed from equation (13) are shown 
in table 6 and In figure 39. These data follow the 
same flow-law trend found from the vertical profile, 
but they cover a range of higher stresses. InsufR- 
cient measuring points were available in the center 
of the glacier to define tlie strain gradient at low 
stresses so thn rsmpea of stress do not overlap. 

£rr£CT or lowoxtvsimai. xztsmsioii 
The slight longitudinal extension which was meas- 
ured akmg this profile can be considered similarly to 



Table 6,—Stnn mtd airain-rntt data from trangvene narfmBt 
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the compression of the vertical borehole. In this 
case* equations (12) and (13) must be modified faf 
use of eqoations W) and (9*) ao tliat 

The longitudinal extension rate — — vfiried along^ 

the profile, and these values are tabulated in table 6 
along with values of and c^' calculated aooovding 

to equations (12') and (13'). Transverse and ver- 
tical normal strain rates are also known along this 
profile, but the further refinement neeessaiy to ia> 
corporate them h not justified for reasons similar tO 
those given in the case of the vertical borebolo. 

The result of tiib modification of n laminar-flow 
analysis is to move several pofaits toward slightly 
higher values of stress and strain rate (fig. 39). 
This does not appreciably change the indicated flow- 
law rdatioa. 

viscvtiHioti OP THx FI4IW-IAW aasom 

The relation between shear stress and shear-strain 
rate computed from vertical and transverse velocity 
profiles in Saskatchewan Glacier is diown on fiffore 
40. Also shown nn this graph nrr rn-^ults froni the 
Malaspina borehole (kindly supplied in advance of 
publication by R. P. Sharp), the Jvngfrauflm bore- 
hole, McCall's Skauthiie, Glen's Austerdalsbre, and 
Haefeli's Z'Mutt and AroUa tunnel contraction data 
(as computed by Nye) , and Glen's laboratory experi- 
ments at temperatures near the melting point. All 
of these data have been converted to octahedral shear 
stress and octahedral shear-strain rate. 

Some uncertainty exists about the correct place- 
ment of Nye's and Glen's data on this diajrrana. 
Nye's stress data are reported In terms of an "effec- 
tive shear stress" which is also called the "octahedral 
shear stress" and Is defined as 

2 •»* = wii 
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where V is the deruitor of bItcbs (1953, p. 478). 
Glen (1955, p. 536) analyzes hig results "in the way 
described by Nye," and reports his data in temu of 
"octahedral shear stress." Strain rates are rqioited 
similarly by tiiflae inveBtigatora. However, these 
values of "octahedral shear stress" appear to be dif- 
ferent by a factor of V273 from the shear stress on 
the octahedral planca as giveii bjr NadaJ (19G0, p. 
103). The discrepancy is not too important hecauae 
of the large scatter of the flow law data. 

The tnimel data eould not be placed direeUjr oil the 
diaRram because a power-law relation must be as- 
sumed to convert from mean stress away from the 
tunnel to oetshedral shear stress along- the tunnel 
walls in Nye*.s method of computation. The Skauthfk 
and Z'Mutt mean stress and contraction rate data fit 
a power-law rdation reaaonably well (Nye, 1953, 
fig. 1). The tunnel data have been oonverted point 
by point assuming this relation. 

Stress and strain-rate values were obtained inde- 
pendently in all other experiments. 

In spite of the scatter of point.s and the many gross 
assumptions involved in the calculations, the data 
point toward several distinct conclusions : 

1. Hydrost-atic pres.'^ure has little effect on the 
flow rate, at least at shallow depths. This is indi- 
cated bjr the close similarity of the vertical and 
transverse profile data from Saskatchewan Glacier, 
and the similarity between the data from the Sas- 
katchewan, Malaqpina, and Jongfrauflm boreholes. 
These boreholes were drilled in placicrs of markedly 
different slope and therefore reached the same shear 
stress at markedly dllTaing pressures. This coneln- 
sion agrees with recent laboratory results on the 
velocity of shear deformation of single ice crystals 
when flie temperature differenee between ice sample 
and meltinp point is kept constant (RiKsby, 1957). 

2. Extending and compressing flow have minor 
effect on the flow-law rebition except at low stresses. 
The Junpfraufirn borehole was in the center of an 
accumulation basin, in an area where the flow was 
markedly extended (0.14 years '). The Hahupina 
borehole was in an area of strong compressing flow, 
the Saskatchewan borehole wa.s in an area of slight 
compressing flow (0.014 years '), and the Saskatche- 
wan transvene profile was in an area of very slight 
exten.tion (0.001 to 0.012 years-'). These differ- 
ences in environment do not cause a major displace- 
ment of the flow-law corves computed on a laminar- 
flow a.^sumption. 

."J. All of the data prive similar flow-law results ex- 
cept for those data from the Austerdalsbre and 



Arolla tunnels. This suggests that Nye's analysts of 

tunnel contraction breaks down when the genera] 
stress environment is not hydrostatic. In addition, 
the data suggest that Glen's analysis of creep curves 
using Andrade's law (Glen, 1965, p. 629) leads to 
results consistent with f!eld relations. It is interest- 
ing to note that the actual measured points for the 
Skauthoe and Z'Mutt tunnels flt the general trend of 
results better than the power^law relatiMi assumed 

by Nye (1953, p. 486). 

4. There is no evidence for a yield stress of ice, 
even at stresses less than 0.01 bar. Movement along 
a glide plane in a single crystal probably occurs only 
when a critical shearing stress fa rwdied on that 
plane (Turner. 1948, p. 229), and in the case of the 
ice crystal this stress may be about 6 ban (Bjerriun. 
IMS, p. 890). Therefore, intracrystalHiw deforma* 
tion in ice must take place through the movement of 
dislocations— small imperfections in the crystal 
lattice. 

5. The flow is more 'viscous" at low stresses and 
more "plastic" at high stresses, and the flow law 
seems to be more cmnplex than a simple pow«r>law 

relation. 

Several analytical equations have been suggested 
by recent theoretical work on the flow of fee or 

met.als. It is instructive to note how closely these 
equations fit the data. The theoretical equations of 
greatest interest have theae fonna: 

(10) 



where 



and 



k = ki and n — tti at £ critical 



(10a) 



k — k, and n = n , at > oo critical 

19 = ki sinh (Jbt<ro) (10b) 
Equation (10) was suggested aa-a good flt to lab- 
oratory re.sults on the deformation of polycrystalline 
ice by Glen ( 1965, p. 628) and for single crystals by 
Steinemann (1954, p. 404). Subsequently, Weertman 
(1957) published a dislocation climb model for 
8teady-«tate creep. Tliis model does not require the 
formation of immobile dislocations and can there- 
fore be applied to hexagonal crystals such as ioe.*<* 
This theory (Weertman, 1957, p. 363) suppests equa- 
tion (10) for low stresses in which the exponent n 

rry.u;iinr ic«^ in t^rmii of th» b»h«vlor of linvW €rr«Mil'< A. rnr k, I, kncrwn, 
U^f ^Hii K'l' If (inly tm \Ut lianat plane. Uniform plastir ^trnir. miuirw the 
siniuat^niHjuR ap«rattoft of Av« liul«f>#nd»nt ft«u of pUncv if It i« to W pro- 
•iin-rt\ hr allp «leM (HOI. IWW. p. SI. Thfriforc contact bct\>««i (TIiIm 
cannot be im{BtB{at4 tlip nllNI* iManI plant* alone, and eCMt* at thm 
•rain boundvh* awM have aa tapartont inlhimc* an tha flmr. 
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has the value of 4^. Figure 40 suggests that a simple 
power-law dependence (equatfen 10) is not quite cor- 
rect. The Saskatchewan transverse profile and the 
laboratory results (Andrade'a law analysis) of Glen 
iioih indicate that a real discrepancy at taw stresBcs 
exilte in spite of the effect of longitudinal extension 
or compression. Landauer (1957, p. 6) also suggests 
that a simple power-law relation is an over simplifi- 
eation. 

Equation (10a) degcnbe<i the flow law of alum- 
inum at elevated temperatures (Servi and Grant, 
IWl, p. 911). This dtoeontinuous behavior is attrib- 
uted by these authors to an abrupt transition from 
grain boundary to intragranular creep. Many mech- 
aoiims have been suggested for the creep of ice 
(Sharp, 1951. p. 826-828) and the activation energy 
of creeping snow suggests that several mechanisms 
may act sinialtaneously (Landauer, 1955, p. 6). 
However, it is difficult to understand why any two 
possible creep mechanisms in ice should operate in 
this discontinuous manner. It would seem more 
logical for the two mechanisms to appear as separate 
terms in a flow-law equation. It must be noted that 
the strain softeninK obi>erved by Steinemann (1954, 
p. 408). Griggs and Coles (1954, p. 10-20) and Glen 
(1955, p. 525) cannot be related to equation (10a) 
or to a break in slope on the stress-strain rate graph 
because the onset of strain softening is a function of 
the total strain, not the strain rate. 

Equation (10b) states that the velocity of shear is 
proportional to the hyperbolic sine of the applied 
stress. This relation ha.'* been .supucstcd on theo- 
retical grounds by Eyring (Eyring, Glasstone, and 
Laidler. 1941, p. 483) for the laminar flow of a gen- 
eralized fluid considered as a chemical-rate process. 
This theory has been applied to the flow of solid 
metals (Dushman, Dunbar, and Huthsteiner, 1944). 
Equation (106) does not apply to the field data at 
the hiffher .stres.ies, but afford.'* a f^ood fit at the lower 
stresses. A similar equation has been given for the 
creep of a single facxagonal crystal (Weerbnan, 1967» 
p ^6.*^). but does not follow the data at higiier 
stresses. 

The flow data which have bera assembled in figure 

-10 seem to indicate that two mechanisms of flow 
operate simultaneou.sly. The relation 

in ~ ^.'i an "f ^2 <7i>* (lOc) 

seems to approximate the data quite well. This rela- 
tion would be probable if steady-state creep in ice 
was due to two theoretically plausible mechanisms 
operating simultaneously : first, a Newtonian viscous 
flow du« to grain-boundary creep ( JeUinek and Brill. 



1956, p. 1207; Cottrell, 1953, p. 210-211) and second, 
a power-law steady<«tate flow doe to intraerystalline 

gliding produced by dislocation climb (Weertman, 
1957). This suggested flow-law relation cannot be 
rigorously tested by the observod data* but it is not 
inconsistent with them. The following smplrical 
coefficients are sugge.<^ted: 

ik, = 0.018, = 0.13, n = 4.6 

DESCHABOE RITLATIONS 
▼ai<OCZTT AT DKPTH 

Velocity at depth can be calculated along the 
centerline of a valley glacier flowing in a simple 
channel if some assumptions about the stress are 
made, and information about the relation between 
.<?tress and strnin rates is available. Velocity distri- 
butions at deptn have been calculated for other gla- 
ciers, but the situation for Saskatchewan Glactsr b 
unique in that the calculation involves very few 
assumptions that have not been previously tested, 
and the results can be cheeked by several indspsnd- 

ert means. 

The shearing stress that produces the shearing 
flow must first be determined. For simplicity, the 

.stress on planes parallel to the surface will be com- 
puted. As can be seen on plate 5, the shear stress 
resolved on planes parallel to the surface u not very 
different from the stress resolved on planes parallel 
to the velocity vector or the streamlines. Conse- 
quently, equation (8) is applicable; this equation 
has been approximately verified by giving consistent 
flow law results (fig. 40). The cross section, surface 
slope and specific weight of ice are constant at any 
one vertical profile Jn Saskatchewan Glader, so 
equation (8) can be written simply aa 

where C = ^ y sin « and b m^vessd in pounds per 
cubic foot. Tm flow law relation Is 

«.-f(^) (7) 

and 

Therefore, 
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where V«« — 7* at the surface and V*, == V* at 
depth —z, 

azBinn 

Vertical velocity profiles at eight places along: the 
lon^tudinal centerline profile of Saskatchewan Gla^ 
cier are presented in plate 5. The curve for tlM 
highest profile (h) a crude approximation because 
the crosa-sectionui characturistics could only be esti- 
mated. These results show that, in spite of the great 
diflFerences in depth, slope and surface velocity, the 
curves all demonstrate a very low velocity at the bed. 
Thb bed velocity raages from —11 fpy (probably 
due to a depth value that is slightly too large) to 
4-50 fpy in absolute amount, or from —10 to -j-58 
percent of the surface velodtar. For ttie 7 best known 
cross sections the bed velocity averases 19.8 percent 
of the surface velocity. 

The average velocity (area of the velocity-depth 
profile divided by the depth) ranges from 94 percent 
of the surface velocity at the terminus to 55 percent 
of the surface velocity in Castleguard sector (profiles 
/ and ff). There seona to be little justification for 
the frequently made assumption thnt the average 
velocity is approximately equal to the surface ve- 
locity (Nlelsoo, 1956, p. 7-8). This seems to be 
trnr nnly where the ice is very thin such as at the 
terminus of Saskatchewan Glacier or under a thin 
cirque glacier (MeCall, 1952, p. 126). 

FLOW nrro CASTLsovAao axoToa 

The surface velocity and cross section at the upper 
part of Castleguard sector (x' — 5,000) are known 
with reasonable accuracy. Furthermore, the cross 
section here is amenable to stress calculation with 
few drastic assumptions, and the How is nearly paral- 
lel to fbe surf aoe. The diacharfe through this erosa 
section can be comiNited wltti a reasonable assurance 
of accuracy. 

Lines of equal velocity were drawn on a diagram 

of this cross section using as control the Imown 
distribution of velocity at the surface and the com- 
puted velocity (using fig. 41) at depth along the 
centerline (fig. 42). The total discharge through 
this cross section was computed by multiplying the 
area between each pair of equal-velocity lines by the 
average of the two velocity values and summing the 
results. This computation was done for the south 
half only, because of the complicated geometry and 
discharge relation.s along the north margin. The 
resulting discharge for the south half is 356 X 10" 
cfy.or 11.3cfs. 



sraraoBwiaa new 

The discharge through a given cross section must 
he equal to the flux of ice toward the surface over 
the whole area of the glacier below that cross section. 
Thus the disdiarge an! the depth of a giader can be 
computed from measurements of the component Yt. 
(See p. 25.) 

The total supply of ice to the south half of the 

glacier surface below x' 5.000 \va,s computed by 
graphically integrating the values of Vt given on 
figure 18. The result is 867 X 10* efy. This agrees 
very well with the computed discharge through the 
cross section at x' — 8,000. The error of 3 percent 
is less than expected considering the erudeness of tiie 
V4 data along the aides of the glacier below Castle- 
guard sector. The agreement in these values also 
indicates that the glacier is in a .state of "constant 
unbalance" : the ice that is being discharged into the 
tongue is just sufficient to maintain the piresent rate 
of thinning. 

These and additional mass budget data are sum* 
marized in table 7. 

STRBAMLINSS 

vxTHOD or osTSBJcxniie 
A streamline is a curve drawn so tliat its direction 



Table 7. — Matt-budget data for (Ac touth half of the tonffui 
«f g a tfcrty fcwpgn Otaehr 





I)iM-h&rRV 
(rlyXIO'l 




Ai Ihe ftrn limit. . . , 


.180 
553 


ItitoKral of V'd ayvt tonfUe. 
Iiit<-Kral of ahbtioo OVCr 
tonsue. 


A»x -COOO 


356 

M- 
523 


Double IntapiJ of iu<^usured 
velocity at nirfare and 
ramoutod vplocitjr »t 
depth. 

Inti'itriil of I'd over area 
below this dection. 

Inifipal o( ablaiiim over 
SMk ImIow thia netioB. 


Atxi . 10.000 , . 


317 
43* 


IntPEral of I'rf over area 
below thia MctioD. 

Inucral of ablation over 
•m bdov thv feelioa. 


Doficil for the 
whok' ImJf- 
tangue. 


IM 


Inteicral of ahUtion minu» 
inlecral of I'd over the 
tvMH tMlf-tansiie. 


AveroKe rontrihu- 
tiiin to strc.nn- 
How by i< <- nwll 
during ablation 
WI10OO. 


)70.S 


IntognU of abbtjoii ex* 
pniwKl aa cdfaie f«et per 
«(•< otMi during a S-month 
ablation fenm, aaaan- 
ing no Ibwm. 
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feet. These equal parts represent equal discharges 
to tbeiurtMe (see p. 24) of about 17.5 X 10 * cubic 
feet per year per foot of width. Vertical profiles of 
the horizontal component of velocity were computed 
at or ncMT 7 pointa marking multiplM of these equal 
surfaceward discharges (pi. 5). The area of each of 
these profiles was divided into the same number of 
parts as tiie numbar of surfaceward disdiaige parts 
emerpinR downplacier from the profile. Lines were 
drawn dividing these equal parts of the discharge at 
depth so as to intersect the surface at points separat- 
irr equal .surfaceward discharpes. These lines 
reprevsent streamlines of flow, and the volumes be- 
tween adjacent pairs of lines and ttw unit wMQi 
i-cpre.sent stream tubes handling constant dlsdiargeB. 
These results are shown on plate 5. 

cazcn ON aooveaot 

The accuracy of these constructions can be chednd 
several ways: First, the actual streamlines should 
crop out at the surface exactly parallel to the velocity 
vectors. The constructed streamlines with reumi- 
ablc accuracy, as shown on plate 5. The strsamlinea 
and velocity profile at profile C are not very accurate 
because the cross section is not known exactly and 
there is some divergence between tiie veloeitr veetora 
and the streamlines in this area. 

A second check on the entire construction (includ* 
ing the vertical velocity profiles) is that the dis- 



at every point coincides with the direction of the 
velocity vector. In steady flow (flow that does not 
vary in the course of time) the streamlines also 
coincide with the paths taken by separate particles 
(Prandtl and Tietjena, 1934, p. 78) . The streamUnes 
that pass thmup'h a closed curve collectively form a 
stream tube, and in steady flow no material can pass 
through the boundary of a stream tube. Thus the 
mass discharge through any stream tube must be 
conatant. The flow of Saskatchewan Glacier is vir- 
tually steady, ttie lee is relatively constant in denatty, 
and very little internal ablation occurs, so the volume 
discharge through any stream tube must also be 
constant. Positions and shapes of streamlines along 
the centerline plane can be computed using this 
constancy of diacharge relation. For simplicity of 
calculation, a unit width (in the ^ direction) of 
flowing material is assumed throughout the calcula- 
tions. This is not completely realistic because trans- 
verse extensions or compressions U,,) do occur. 
However, these effects along the flow centerline of 
Saskatchewan Glacier are small compared to the 
shears (<,J involved, and the simple analysis seems 
to offer a close approximation to the actual behavior. 

The calculation proceeded as follows: The area 
under a graph of the vertical component of flow 
toward the surface (V^) as a function of distance 
alon^f the centerline (.('. fie 23r) was divided into 
10 equal partji from the lermmu.s back to x' — 5,000 
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charges represented by each of the vertical profiles 
should be equal to the discharge to the surface down- 
{flacier from that profile. The discharges through a 
vertical section are determined by on the surface, 
the depth, slope and cross section at that point. The 
discharges to the surface arc determined by the 
integral of V4 times the area, and these values are 
connpated from the MirfMe preOl^ V;, and Thus 
these two quantities are almost independent and can 
be compared. The increments of discharge to the 
surfaee were 17.6 X ID* efy per foot of widtb. As 
shown in the tabulated data on plate 5, the incre- 
mental discharges at depth were similar to this value 
for nMWt vertical profiles. Hie agreement is close 
considering the many approximations and as^ump- 
tions involved in this calculation. Therefore we can 
assume that plate 5 gives a vfrtually eorreet Itttari^ 
tation of the distribution of Streamlines at deglQi 
under the flow centerline. 

eoMCLvnovB rmoK thbu WBSin.xs 
The two most striking features of the straaariilM 
distribution are (1) the close spacing near the sur- 
face and (2) the parallelism of streamlines to the 
bed profile. 

The close spacinjf of streamlines near the surface 
is necessary because the velocity is greatest near the 
surface. However, in the several diaprammatic pro- 
files showing hypothetical streamlines which have 
been published, close spacing has not always been 
considered. This spacing indicates that the Ice which 
crops out 1'/^ miles upplacier from the terminus was 
never buried more deeply than one-half the total 
depth of the gleeter. Thus the presence of slightly 
rccr^'stallized ice .still showing a primnry stratifica- 
tion in the lower part of the tongue need not be 
considered unusual. 

A more significant feature of the streamline distri- 
bution is the close parallelism between streamlines 
and bedrock. This psrailelfsm ia modified very 
slightly in the upper lay- r here the curvature of 
the streamlines is somewhat reduced. In general it 
seems that the shape of the streamlines to virtually 
independent of the thickness or speed of the glacier 
and is determined mainly by the long profile of the 
bedrodc The slgniftcauoe of thb fact wiD be dis- 
cussed in the next section. 




The length, thickness, and slope of a jrlacier are 
expressed in its longitudinal profile. Advances, re- 
eeaslons, and waves of thickeninff can be expressed 



quantitatively as transient changes in the profile. 

The shape of an equilibrium profile is ultimately de- 
termined only by the bedrock configuration and by 
the prevailing gradients of potential accumulation 
and ablation. Past climates might be quantitatively 
reconstructed from studies of old moraines if knowl- 
edjre of bedrock topography and meteorological con- 
dition i . 1] be used in predicting the longitudinal 
profile of a js'Iiicier which was in equilibrium with 
this environment. And likewise present-day climatic 
trends might be determined from present-day pro- 
files. Glacial geology, paleoclimatology, and hydrd* 
ogy would benefit inestimably. 

This prediction cannot be made at the present 
state of glaciological knowledge. The first task is to 
determine which geometrical factors are most im- 
pwtstit to shaping a longitudinal profile for a given 
discharge. The method which has been used most 
often in the past and the research that could be 
pursued in the future will be diseusaed in the fcl- 
lowing paragraphB. 

CONSTANT BASAI. 9HKARINO-STRKSS CAtCTTI^TlON 

The profile of a large ice sheet resting on a bori- 
scmtal fioor has been calculated by Orowan (1949), 

Hill (see Nye, 1951, p. 571). and Nye (1951, p. 570- 
571; 1952a, p. 91-93) by assuming that the shear 
stress on the bed was everywhere constant. In a 

further calculation Nye fI9''2f:) allowed the bed 
slope to change gradually along a line of flow. A 
similar analysts was applied to a valley glacier simi- 

lar to Saskatchewan Glacier (Nye, 1962b). 

These calculations gave good results along one 
profile in Greenland (Nye, 1952c, p. 531), but pre- 
dicted a preat depression of the bedrock over the 
northern half of Greenland which has not been con- 
firmed by sitbsequent seismic and graWty meaaura- 
ment.s (Bruce and Bull, 1955). The valley-gtacisr 
profile, when adjusted by changing the "average 
shear stress on the bed" to Uie best fit for the glacier 
as a whole, did not give good results at the terminus 
and did not predict the proper lenpth of the placier. 

The shear stress on the bed of a glacier is not 
constant, as has been shown for an icecap (Orvig, 
1953) and for the Saskatchewan Glacier (pi. 5). 
This variability is a very significant objection to this 
theory because of the high sensitivity of flow rates 
to slight changes in shearing stress (fig. 40) . 

The most significant objection to this method of 
computing the profile of a glaci«r is tiie change In 
len^'ths and thickne.'Jse.^ of a ^rlacier in response to 
changing climate. The constant basal shear stress 
theory cannot account for any changes in profile with 
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time. Even if this method could be modified to pro- 
duce consistent results when applied to present-day 
glaciers, it would disclose nothing about the relation 
of glaciers to their climatic environment. Therefore 
f urOnr punuaiit of Hiia nuittiDd of cafenlatko wt&UM 
fintitteM. 

mnrrormmnm vob nBUUHOVimiMai. frofiu 

A few comments on how a \ang profile might be 
calculated are offered. The Saskatchewan data reveal 
two significant facts that provide a starting pdnt for 
this calculation : (1) the streamline shapes are deter- 
mined only by the bed and (2) the velocity at the bed 
isaninimum. 

Visualize a field of streamlines fixH in «pace above 
a certain longitudinal bedrock profile. As a first 
approximation, ^ plunge of Btreamlines i is 

equal to the .slope of the bed 0. At any one vertical 
.section the surface slope « must cut these streamlines 

V8in(o — 

at the proper angle n — f .so that 

cos a 

= ~Vt. For an equilibrium condition, V4 = — F,. 
However, V is determined by «, z, and the cross- 
section shape, and V, is also a function of The 
mathematical difficulties treating all of these inter- 
relationships analytically preclude a simple aoluttoo 
to the problem at this time. Furthermore, the form 
of the flow-law relation (equations 10a, b, c or df) 
must be clarified. When these interrelationships can 
be stated in a usable analytic form so that actual 
glacier profiles can be constructed, it will be possible 
to relate glaciers to their climatic environment in a 
Quantitative roamisr. 

mUCTURAL FBATintBS 

Glacier ice iirst accumulates as a sedimentary de- 

posit. It is then metamorphosed by flowage and 
other agents, causing secondary flow structures to be 
impressed on the primary sedimentary features. 
Structural features form continually in this deform- 
ing material, and arc of great interest because they 
illustrate the formation of many structures which 
occur in deformed rocks. The following dfaemslen 
is included for a diffprent reason: A study of the 
features produced by flow lends insight into the flow 
prooesa. Furthermore, if the relation of s truc tu res 
to flow geometry can be demonstrated in certain 
areas, the structures can be used to predict the flow 
geometry in other areas where no (low measurements 
have been made. Structural studies, therefore, are 
a uscfn] adjunct to a thorough investigation of 
glacier movement. 
As in some thorou^ly metamorphosed schwts. it 



is often difficult to differentiate primary from sec- 
ondary stnietures in glacier ice. After 3 years of 
observation on S;iskatchewan Glacier and several 
years of study on other glaciers, the author could 
distinguish between primary and secondary strue* 
tares with confidence only about 50 percent of the 
time. Structural studies and interpretations were 
handicapped by this uncertainty. Differentiation 
was obtained by classi^fing features solely ob the 
basis of orientation groupings. 

Structures were mapped in a reconnaisaance over 
the entire tongue of Sadcatchewnn Glacier (pL 2A). 
A detailed map of structures at the terminus whf 
conatrncted by planetable means (pL 3) . Structures 
were studied most intensively in the lower pert of 
Castlcgruard sector because the geometry was rela- 
tively simple and the flow was best known, but even 
here the minute complexity of features on the snrface 
of this large area (nearly a square mile) made it 
necessary to sample, not map, them. In order to 
eliminate appreciable bias, the attitude and general 
appearance of structures at many sampling points 
were recorded. .Attitudes were measured V)y Brunton 
Compaq. In some areas of low relief, dips were diffi- 
cult to measure, and an inaccuracy of leas than :tB* 
could not be obtained. 

With few exceptions, all of the structures observed 
can be placed in these five main chwsiflcationB : 

Stratification. — A primary sedimentaiy layering 
inherited from the fim. 

FoHation. — ^A secondary compact layered struc* 
ture produced by deformation. 

Crack*. — Secondary planes of weakness distin- 
guished by noticeable separatioa of the two waHs. 

Faults. — Secondary planes of weakness distin- 
guished by appreciable shearing movement parallel 
to the walls and little separation of the walls. 

Fold axes. — A preferred orientatimi of fold axes 
waa the only lineation observed. 

fTB ATTTTC ATTON 
APPEAKANCa 

Primary layering in this glacier is most easily 
recognized close to the flm limit. Hoe it eppean as 
gently dipping layers of loose, granular, partly recon- 
stituted firn alternating with ice layers and lenses 
formed by freezing of percolating melt water <pL 
7 A, R) . The granular layers are much too thick 
(as much as 6 feet) and variable to be a product of 
shearing. Sedimentary layers can be IdentiAed with 
certainty as far as .1 miles below the firn limit and 
with less certainty within 3,000 feet of the terminus. 
The layering is most easily reeogniMd from e high 
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A, STRATIFICATION EXPOSED AT THE SURFACE iJt MILES ■ELOW 
FIRN LIMIT 

A promiiMfit •tratufn runs from lower left-hand corner to center 
boriioa, dlppjnc In dirvctJon of lee axe- The pbotoffreph ahowe 
•ertlcal foliation that extenda diaionally fran apper left to lower 
richt inteneetins the •tratillealion 




t. PKUUINENT STHATtM EXPOSED SOLTH OF CE.NTERUNE IN MID- 

Ct.ACIER, J.I Mll.r.S RKI.OW FIRN LIMIT 
Outervp trace appear* aa tbort-llne aecmenta; Individual parte of tbe 

atrmtum dip In direction of i«« axo ^toward the aouth auuvln and 

alichUjr downcUcicrl 





C. OrT(;R<IF PATTERN l)» >1 R *TinCATK)N IN CA5TLLCI ARD .'ttTOR 
View upclaeier from cliff on aouth marrin below Caatlevuard Paaa. Splayinc and en rehelon erevaaaea are alao viaibla 
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distant vantage point (pL 7C), where it appears as 
ZOOM or altematins: bands of ^ayiah and white ice. 
In some areas this broad tone banding can he traced 
over the glacier surface by an observer on foot and 
Ifl seen to coincide with the layering of coane- and 
fine-;rrained ice mentioned above. In many places 
the outcrop of granular layers appears distinct be- 
eaow fine arfnend Mxii collaete in tbe fine-grained 
intergranular depressions whereas it is wa.shed off 
the smooth surface of coarse-grained ice layers. In 
frah expoBorw made by diffgtnr. fhe fincHEnined 
granular layers do not seem to contain any more dirt 
than the adjacent layers of coarse ice. It seems 
Ukely. though not certain, tiiat the dirtsr aiq^raiiea 
of the granular layers is due to a surficial deposit of 
silt, aecondariiy acquired from wind or melt water. 
Very fine grained grattalar layers are leas common 
toward the terminus and contrasts between the ap- 
pearance of adjacent layws are also less marked 
downglader. This is evidently doe to recr y ataWiaap 
tion. Little evidence of a rh>'thmic or cyclic repeti- 
tion of bands was found, and annual layers of 
depositi<ni eonU not be reeognind. 

The outcrop pattern of this stratification resembles 
that of truncated beds in a plunging fold (pis. 2A, 
7C). The bands are most eonspieuoos !n Castleguard 
sector and pradually become indistingruishable down- 
glacier and toward the margins. None has been 
recognized in Uie area between the flm limit and 
x' — 3,000, but evidence indicates that they may 
have been hidden by unconformable overlying layers. 

The main apex of the "fold" lies in the middle of 
tiie glacier and points downglacier. Spacing and 
width of the bands are not uniform and the sharp- 
ness of curvature and axial length of the curves 
increases downglacier beeaose of faster movement 
in the center. 

Many of the measured attitudes in Castleguard 
sector imply that the sedimantary layering has the 
shap« of an anticline plunpinp downglacier (pi. IB, 
C) with respect to the glacier surface. Older ice, 
which underlies younger ice, crops out farther down- 
glacier; therefore an upglacier dip with respect to 
the glacier surface is expectable (fig. 43). A possible 
explanation of this puzding outcrop pattern b ex- 
ceptional thinninpT in Castleguard sector that has 
truncated nearly horizontal beds causing a local 
downghider dip of stratification in relation to the 
present surface. An alternative and equally plaus- 
ible explanation is that the apparent anticline is due 
to a biased sampling of attitudes and is not real. 




Stratification here is nearly flat lying in broad aspect 
but hig-hly wrinkled in detail and it is virtually im- 
possible to measure the gross orientation from ob- 
servatiuna at a few points. 

Although individual layers must crop out in broad 
zones that cross the glacier, gtratiiication as seen on 
the glacier surface appears as discontinuous longi- 
tudinal lines (pi. TB). This is apparently due to 
wrinkling parallel to longitudinal foliation. This 
change In outcrop pattern from transverse bands to 
longitudinal lines has been observed elsewhere 
(Kalesnik, 1939. p. 80). On Saskatchewan Glacier 
this wrinkltog was probably formed when tiw broad 
sheets of firn from the Columbia Icefield were drawn 
through the narrow throat and into the valley ocai- 
pied by the tongue. 

poLiAsunr 

Much of the recrystallized aurface ice of Saskatch- 
ewan Glacier shows a pronounced layered striictijre 
seemingly related to deformation. The name lolia- 
tton is appropriate for this structure (Chamberlin 
and Salisbury, 1909, p, 247), and in this report the 
term will be restricted to compact secondary planar 
features caused by flow. In this sense, foliation nwy 
be identified with the "Feinbanderung" of Schwarz- 
acher and Untersteiner (1953, p. 114-115). but 
prudence should be used in comparing it directly 
with banded structures in other glaciers described 
under diverse names such as "blue bands," long^i- 
tudinal bands," "tectonic blue bands," "Banderun^r," 
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A. STROM; FOLIATION ^EAR SOLTH MAKCIN. 2.1 MILES BELOm' 
rillN LIMIT 

Viewed ttpdadcr. FoH«ll<m aultudf to •pparently coafornubl* 
with valley wall to the left 




CENTLV OimM; STMATIFICATION, WHINKLKU AND IMtHMlCTtO Bt M:ARLV VKHTItAL FOLIATION 
Expoaed on aaat wall of a crevaaae. 2.H mitoa below flra Hmll In midffiaeler 
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"Bl&tterung." "Pflugf urcheneis," "Druckschichtung," 
Mul "SelMrfladMB.'' 

APPKAKANCE 

Foliation on Saskatchewan Glacier generally ap- 
pears as aHenutlnflr lamtnae of white bubbly lee and 

bluish clearer ice. Tnt' ri .il ilr i v.ifh these laminae 
are some thin layers of very fine grained, apparently 
brecciated ice. Locally, foliation is expraned by 
minor but abrupt differences in jfrain size. In some 
areas the foliated structure is obvious on either fresh 
or weathered surfaoei (pi. 8A) and ni each areas 
the thickness of individual folia is less than 1 inch. 
Over most of the glacier, however, foliation cannot 
be detected on a fresh ice surface and is only visible 
■B a faint gnu on the surface of weathered ice. 

Many exposures show this layered structure as 
transecting (pi. 7-4), wrinkling (pi. 8B), or off- 
setting (pi. 9A) other structures induding primary 
stratification. In a few localitie.*;, however, the folia- 
tion appears to be truncated by sedimentary layering 
but these anomalous relations can be explained by 
differences in mechanical properties of adjacent ice 
layers. Shear strain in a mass of ice may form folia- 
tion in one layer by reerystallization and be taken up 
by undetectable intmcraiittlar novements in a leas 
compact layer. 

Criteria for differentiating foliation from primary 
stratification are presented in table 8. 

OUTCROP PATTKRN AJfD IMTBNSITY OF DEVKIXJPMKNT 

Foliation on Saskatchewan Glacier has a steeply 
dipping, longitudinal orientation (pi. 2A) except 
at the extreme terminus (pL 3). Foliation parallels 
the valley wall at the margin, but dips are steeper in 
midglacier and nearly vertical dip.s predominate in 
the central third of the glacier. In Castleguard sec- 
tor foliation dips about 76° toward the south margin 
in a strip 900 feet in from that margin. Folia are 
somewhat planar in the first 4 miles below the firn 
limit. Below that point the faint foUa in midglacier 
are Inerearingly contorted (pi. 90). Within 1.000 
fret of the terminus the foliation forms a spoon- 
shaped structure dipping upglacier at a slight angle 
(pl. 3). 

Foliation varies preatly in intensity of develop- 
ment, as expressed by closeness of spacing of folia, 
contrast in grain size, and contrast in bubble content 
acrot:.<; adjacent folia. Several degree.'i of foliation 
intensity are mapped in plate 2B. Foliation is most 
Intense near the margins and along the medial mo* 
raine. Belts or lones of abnormally strong marginal 
foliation occur next to valley-wall buljres. These do 
not persist more than 1 mile below their apparent 



Tasle 8.^ — CriUria for diatinguUhing foliation from 




1. SuKitl*, b«st «epT) from • blffh. 
di*tBnt vantjice iKiint May not 
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hlV. and U therefor* beak ob. 
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nc-me \ce iHycrn 1 la 2 mm thick 
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fectly paralkl 

A. Ma^ iMdvd* obrunia atnaetarc* 
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v(ewr<l frum n diBt«Ticc I,«yera 
of h n*-Kralnr<1. tooM gra-ina 

(beds of oniy partiaJty rvcrya- 
tallteed Am ) nay ba mnny feet 

thiclc. 

T. a diOM tumm athcr itoaMaMa 
toto««lMl. 




1. llMilnlnet «bea trfMni fMM • 
diitanrr. uaoallr «M«ai id • 

CioM' virw 

1. Deflniiely related to aoncn of 
gr»t ttiMiini and therefore 
ffniTi treat nenr narvina and in 
niiilia) moratnaa. 



4. Folia arc ccnenlty planar Md 
paralM except wH.t'' m^orul. 
arily eontortei^. 

ft. Never incJodca Ice ieetoca. stnnda. 
or other atructure* of tha Ara. 

*. Uaually r«co<nltabl* by eontiaats 
ia IrabbOaana of lee in adjacaat 
folia. May ako b* (rain aire 

dlffet-enci-B. Finc-itrainf^, srran. 
ulat*.! Ir* (iivly in vfry thlM 
xonca. Usually Da £iiiifurmabW 
dirt. 



1. Oftm raoati^aMbW aaj jMMWwil 

8. AtUladc tMI* M VMld wDv 
walk IB atiM* aad dip. twaec 
a*a«v. 



point of origin. Strongest foliation along the lower 
part of the medial moraine is in the tributary ice 
adjacent to but not under the moraine. In the apper 

part of Castle^uard sector, however, foliation in- 
tensity is greatest under the center of the medial 
moraine. No differ^oe in average foliation intensity 

across the glacier was detected from the upper part 
of Castleguard sector (j-' ^ 5,0O0) to the terminus. 

CBACKS 

These planar stnicturea are sharp diseontinulties 

in the ice and they often have an air- or water-filled 
space between the walls. S<»ne cracks are filled with 
ice crystals that have grown from Uie tnaSng of 

water that filled the crack after it had opened. These 
secondary "candle-ice" crystals are elongated perpen- 
dicular to the crack and are unlike ordinary glacier 
ice. It was easy to distinguish these featu res fi'inii 
foliation or .stratification. Many cracks show shear- 
ing displacements. The strain on most of the surface 
of this glacier is strongly rotational (table 4), 
therefore all old cracks will show some shearing 
deformation. No effort was made to measure shear 
on open cracks or to classify them in this regard. 
Yf>unp closed fracture.*^ with appreciable shearing 
displacement are ciansed as faults and are discussed 
in the next section. 

The cracks range in width from tiny, sharp frac- 
tures with openings of a millimeter or less 
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("Uaarrisse") to crevasses many yards wide. A dis- 
tinction wu made in the Add between erevMses 

(more than I foot in width) and other cracks, but 
this distinction has no genetic or mechanical signifi- 
cance. The longest cracks extend for 1,000 feet; none 
leas than about 20 feet was measured. Cracks are 
generally planar, although in the center of the glacier 
a few fractures of irregular shape were seen. The 
dip of encks is almost invariably normal to the 
gtaeler rarface. Crack depfha were not measured. 

PATTBRN 

The largest cracks (crevasses) form regular pat- 
teme on the glacier surface (ilg. 44) . Four difFerent 

patterns are distinguished: 

Splaying crevasses. — Crevasses having a longi- 
tudinal orientation in midglader splay out toward 
the margin intersectinj? it at an angle slightly greater 
than 45° (fig. 44 A ) . The apex of the acute angle at 
the margin always points downglacier. These cre- 
vasses are best displayed in Castleguard sector (pi. 
7C). "Longitudinal crevasses," often mentioned in 
the literature, are merely splaying crevasses as ob- 



served in midglacier; true logitudinal crevasses can- 
not exist SKoept along ttie centerline in a vaUagr 

glacier. 

Transverse ereva»$e8. — These crevasses are coB> 
vex upglader and are normal to the flow direction in 
midgUder but curve to strike the margin at the 
same anprle as splaying crevasses (fig. 44B). Where 
transverse and splaying crevasses occur together on 
a vallegr gladsr thojr can be differentiated <mly in the 
central half. Transverse crevasses dominate a 
weakor pattern of splaying crevasses on and above 
the ice fall of the only tributary to Saakatehewsa 
Glacier. 

Chevron crevoMea^ — Straight crevasses (fig. &3C) 
extend from the margin toward the center of tht 
liaeier at a constant angle equal to the marginal 

acute angle mentioned under types (^4) and (B). 
These do not extend to the centerline, and chevron 
crevasaea firom the two rides do not intersect These 
crevasses are well formed just below Castlagiiard 

sector on Sa.skatchewan Glacier. 

En echelon crevasses. — Short, wide crevasses ar- 
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ranged in subequaily spaced narrow belts (pU. 7C, 
9C, flff. 44) aw ortaatod «n «dielon. Thv fl«B- 
prally parallel in trend to one of the largrer patterns. 
On Saskatchewan Glacier en echelon crevasses are 
best wBen in flnree aroHi in C^wttagvard netor, where 
the narrow belts intoseet the ttMttUn at aeute aaglei 
ot 20° to 36°. 

In additlen to the ofevasMs whieh form fheae 
different patterns, many minor cmcks with appar- 
ently random orientation are seen on the surface of 
Saakat^ewan Glacier. These define epecMe pet- 
terns, but a statistical approach must be used, and 
description of these features is postponed to the dis- 
cuaaion of an area of detailed atudjr. 

FauHs are fractures or dtsconHttuities havinir 

noticeable shearing displacement and little or no 
normal separation of the two bounding blocks. They 
may be associated with the '^herriase^ of tin 
Alpine literature (Klehelsberg, 1948, p. 62-69). 
Left-hand strike-slip faults are common along the 
south margin just below Castleguard sector, where 
the gtaeier is shoved to the left by a curving valley 
wall. Most of the faults show horizontal displace- 
ments of a foot or less, and many of them also show 
slight dip-slip displacements (downglaeier block had 
moved down). These are nearly vertical in dip and 
curve in strike from nearly parallel to the valley wall 
et the edge (the sharp acute angle pointed upglacier) 
to a nearly transverse oricntatim a few hundred feet 
in on the glacier. None could be traced farther. 
Other faults occur in Ca.stleKuard sector (pi. 3c). 

rOI'D AXES 

Several types of linear structures, such as elon- 
gnted grains and hubbies, have been observed In 
glacier ice (Schwarzacher and Untersteiner, 1953, 

p. 115). None of these is obvious on Saskatchewan 
Glacier, and the only lineation recorded is that 
formed by the axes of folds in contorted stratMea- 
tion. The plunjje nf these a.Kes could not be measured 
except in fortuituous situations; consequently the 
nine measurements are too few to be statistically 
significant. 

All TTipfi^Jured fold axes plunge against the direc- 
tion of iluw, generally at angles much steeper (as 
much as 66*) than the velocity vector. Clearly, this 
UnsatiMi is not parallel to the direction of transport 

of the ice. Indirect evidence (the stratification out- 
crop pattern) suggests that the majority of fold axes 



near the flow centerline are nearly parallel to the 
glacier surface, but few measurements could be made. 
The lineation apparently Ucs In or near the plane of 

the as.sociated foliation. 

ST iUl C T U H K.S or i; ASTLEGUARI> Si,CTOR 

In order to study the myriads of small cracks and 
folia in an area where the surface deformatlen and 

flow conditions were known, <?tructural information 
was obtained by a sampling technique in Castleguard 
aeetor. A total of 78 pointa were spaced at equal 
intervals (about 100 feet) on 3 transverse prnfiles 
extending from the south margin to within 800 feet 
of the medial moraine. AH structures visible wiOiitt 
about 20 feet of each point were measured. The 
total area covered was divided into three longi- 
tudinal strips (pi. 2A), one along the margin, one 
spanning the flow centerline and one covering the 
intermediate area. All measured structural atti- 
tudes from within each strip were collated onto an 
equal-area projection diagrram (pi. 2C). No con- 
sistent differences in attitude could be detected by 
comparing data from the highest to the lowest trans- 
verse profile. Thus each of the three resulting dia^ 
grams shows the attitudes of structures witldn an 
area of reasonably uniform itow conditions. A simi> 
lar plotting technique has been used by Untersteiner 
(1966, p. 604-505). 

All observed structures were tentatively classified 
in the field as "creva.sses." "cracks." "folia," "dift 
layers," or "fold axes," and these field identifications 
have been indicated on plate 2C. However, with this 
method of plotting the distribution of orientation 
maxima can be studied without reoouiae to aulqeetive 
identifications. 

The density of points on each of these diaframa is 
contoured in order to brinpr out thr various maxima 
more clearly (fig. 46). OrienUtion of the average 
velocity vector, aurface atrain-rate tensor and aoi^ 
face slope for ndi strip are also presented in 
figure 45. 

These data show several clear maxima indicating 

preferred orientations of structural features. These 
preferred orientations can be followed with changing 
strain-rate tensor orientations from the margin to 
the centerline. The eharacteristies of eadi nuudmum 

are summarized in table 9. 

The attitude diagram for the flow centerline shows 
orthorhombic, almost tetragonal, symmetry reflect- 
ing a symmetry of flow about the centerline. The 
diaprnm for the marginal strip is tridinie, ahnost 
monoclinic 



uiyiii^ed by Google 



58 



MODS or FLOW. BASSATCHaWAN 6LACIBR, ALBBRTA, CANADA 




uiyiii^ed by Google 



BTBUCTtrSAL PBATUSBS 



ouonr or notono fsatvbbb 

The oriffin of foliation has been a subject of con- 
siderable speculation. Recent studies have been 
made «f the rdation of crystal axes orientatioiia to 
foliation (Bader, 1951; RlKsby, 1951; Schwarzacher 
and Untersteiner, 1953), but the results have been 
perplexing, and the mechanism of the origin of both 
this structure and the crystal orientations is still in 
doubt. On Saskatchewan Glacier additional im- 
portant data (known strain geometry) was brought 
to bear on the problem, but only a few addltloml 
conclusions were forthcoming, as follows: 

Foliation is related to sheariiig deformation. — 
This is evident from the warpinpr or wrinklinj? of 
sedimentary layers (pis. SB, 9A). PlunginRr fold 
axes that lay in the foliation plane (tig. 46A, B) also 
suRpest a relation to shearing. 

Folintinti does not alu aifs form parallel to planes 
of greatest shearing strain. — ^The planes of max- 
imum shearing atraln rate interBeet the princiiMl 
strain rate axes at 45*. From sjTnmetry considera- 
tions it is apparent that at the How centerline one 
principal strain rate mutt always be directed along 
the centerline, both at the surface and at depth. 
Foliation which crops out on the surface at the plane 
of symmetry must have origfmited somewhere on 
that same plane of symmetry. Therefore the conclu- 
sion necessarily follows that foliation which stands 
parallel to a principal strafai-rate plane where ob- 
served along the flow centerline cculd not have 
formed parallel to a maximum shearing strain-rate 
plane et'tlter at it$ point of observation or at any 
lou'icnl ptacc of origin. Furthermore, there is no 
rotation so that planes of maximum shearing strain 



ahould not be different in orientation from the planes 
of maximum sheariiv atrsm rote along the How 

centerline. 

Further evidence suggests that foliation and maxi- 
mum shearing strain-rate planes do not correspond. 
In the intermediate .<?trip south of the centerline 
(fig. 46B) foliation dips to the south. The nearest 
plane of maximum shear stands approximatdly ver- 
tical at the surface, and at depth it must dip north in 
order to swing into approximate parallelism with the 
bedrock duouicL Thus a diacrepanqr in attitude of 
the two planes is apparent" 

Feinbanderung on the Pasterze Glacier, which is 
apparently the same aa foliation on SaakatdiewaB 
Glacier, sums to originate nearly perpendicular to 
the compressing principal strain-rate plane in mid- 
glacier (Untersteiner, 1954, table 1. profile 10, p. 
238). Glen (1956, p. 740-742) observed a banded 
structure at the foot of an icefall in Norway that 
was wllhto 6* of perpendleular to the e om pre sal ng 
principal strain rate. Possibly the foliation in mid- 
glacier in Castleguard sector could have originated 
in this manner farther upglacier where a transverse 
compression occurred. However, this explanntiMi 
does not apply to marginal foliation. It also seems 
unlikely that marginal foliation and midgUcier folia- 
tion had different causes, because tbm was no evi- 
dence of any discontinuity in appearance or attitude. 

Although it is not po.ssible to state what actually 

11 Thin dlMr«piiney may. however, h.- ^xpUtn«*<t In knoth^^r wftjr: An 
fall supplier ice to the Mutli Rurria of the Klmcirr below thif normmi firti 
limit, This lee i* Ant (uperimpeM^ (Sharp, l«4t, p 1 i «n the trunk 
Kinder and iti nearly boritontnl etrmtjflention. but quickly sinks into the eur- 
roundinc lee and becomra inert. ProiieMy the prevxittlnc etnitlBcntlon U 
hent down In the praceas to a iteep ■oath dip. Farther downdaeicr Ihi* 
reUe etntlflcatjaa niikt ha ablakcn for MIbUsb, or aaliotnMr due ta the 
«tratl mUHt wtwl Bw w^mMMm «f ■ ll il fc i lM. OmmmmmbI 
aaafaut Ikb klM tis MiMir «t IM (IDM iMi ImMI mmm lnl U i l to 
•MMMt tor mnIi • toll* iMMMkMwr. 
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determines the orientation of foliation, recognition 
of the fact that foliation does not ncoeiMrUjr indi- 
cate plans nf maximum shearingr stress or strain 
rate may he an important step in the understanding 
of the mechanics of eryatal axis orientation. 

Foliation appearit to form — or be preserved — only 
at shallow depths. — Maps of foliation attitude and 
fntcmitjr euerest that foliation forms only tt shallow 
dorth - (pi, 2.4, D) . Had foliation been formed by 
shearing drag of the bed it would crop out as spoon- 
shaped surfaces crosaing' tlie flow oenterHnfc No 
f*uch folia were observed anywhere along the center- 
line except within 2,000 feet of the terminus where 
the ice is thin. Intense transverse compression prob> 
ably would subsequently crumple the spoon-shaped 
surfaces to unrecognizable isoclinal folds, but it is 
difficult to find either a mechanism for this below 
the firn limit or evidence of auch compresaion in 
the strain rate data or in crevasse arrangements. 
Additional evidence that foliation is not formed— or 
preserved— «t great dqiOi is offered hy the belts of 
abnormally strong foliation which apparently dis- 
appear less than a mile below their point of origin. 

This eonelusion is in direct eontradietion with the 
observation of Untersteiner that the Pasterze Glacier 
foliation (Feinbanderung) , once formed, rode pas- 
sively down the whole length of the tongue and eouM 
be identified even in the oldest ice of the terminus 
(Untersteiner, 1954, p. 239). Merrill (1966, p. 61), 
however, suggests that foliation in the northern 
Greenland icecap is easily obliterated by recrystal- 
lization and does not generally persist. Some of the 
petrofabric data from Pasterze Glacier suggest re- 
crystallization at the surface (Schwarzacher and 
Untersteiner. 1953, p. 116), but presumably this has 
not been sufflcient to obliterate the Feinbanderung. 

If foliation forms or is preserved only at shallow 
depths, some chanpe in the mechanical properties of 
ice with increasing hydrostatic pressure must be 
assumed. Such a change has been saggested repeat- 
edly in the literature (Demorest, 1942, p. 36-37; 
Haefeli, 1948, p. 197), but it has also been challenged 
(Hess, 1937, p. 3-5; Nye, 1953, p. 489). The flow- 
law data from Saskatchewan Ghwier show no effects 
that could be related to hydrostatic pressure (p. 44), 
and apparently no laboratory experiments have de- 
tected any influence of hydrostatic pressure on strain 
rates. Obsnrvathms at points of local concentration 
of pressure and shearing strain beneath glaciers 
(Carol, 1947 ; Meier, 1961a, p. 112 and 1951b, p. 130- 
134) have shown that under these conditions ice can 
become so soft and "spongy" that a small mass curls 



and settles under its own weight. Laboratory experi- 
ments (Steinemann, 1954, p. 408) show that after a 
.•shearing .strain of 10 to 20 percent a single icp crystal 
abruptly softens and remains soft, even after re- 
moval of stress, until roraystaltised. This strain- 
.softeninK behavior suggests a pronounced instabil- 
ity in the flow of ice and indicates the great effect of 
reciystallisation on the flow. 

A speculative mechanism for the origin of folia- 
tion is offered. Under an applied stress, ice begins to 
yield by plastic flow (grain boundary creep nad 
intracry.slalline plidinfi. see p. 45). Some local areas 
will strain more rapidly than others because of slight 
differences in grain shapes and orientations. When 
the critical strain necessary for crystal softening is 
reached in any small region, that region becomes 
locally a weak zone which tends to propagate by 
capturing more strain. These soft zones may grow 
most rapidly in a specific planar direction, so that 
layers uf »uft ice alternate with layers of hard ice, 
producing a foliated structure. The largor plastk 
strain in the soft ice may drive air bubbles into the 
neighboring ice, alter the grain sizes and shapes, and 
produce a preferred crystal axes orientation pattern. 
The soft layers nrf li not be oriented parallel to the 
direction of maximum shearing strain and their 
orientation may be controlled by a minor prevailing 
anisotropy in the ice. The relative amounts of hard 
and soft ice which will exist at any one time in any 
one place will depend on (a) the total plastic strain, 
(b) the strain rat«, and <c) the rmte of reerya- 
tallization. 

If the rale of recrystallization is a function of 
depth or hydrostatic pressure, a mechanism is pro- 
duced for the observed di.stribution of foliation. If 
the rate of recrystallization increases with depth, at 
a critical depth it will be great enough to piwent 
the propafratton of soft zones and the resulting joe 
will be homogeneous and unfoliated. If the rat« Off 
recrystallization decreases with depth, the zones of 
soft ice may increa.se to the point of eliminating- all 
of the hard ice and the resulting ice will again be 
homogeneous and unfoliated. What detemdnea re- 
crystallization in glacier ice is not fully understood 
and it may be presumptious to assume that recrys- 
tallization rates vary with depth, but this neenis to 
be the mcst rea.sonable explanation for the condtK 
sion that foliation forms only at shallow depths. 

MAIX VHACK STSTRM (CRBVAS8B8) 

It is generally assumed that crevasses break at 
right angles to the greatest principal elongation or 
stress (Lagally, 1929, p. 298} Nye, 1962a, p. 90^1; 
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Untersteiner, 1955, p. 505). On the other hand, the 
fracture eonditkn for metab (Nadai, 19S0, p. 207- 
228), dry sand (Hubbert. 1951 p. 360-362), wind- 
packed snow (Haefeli, 1948, p. 681). and granitic 
rocks (RobertooB, 196S, p. 1295-1304) involves both 
nnrmnl and shearing stresnes. Data from northern 
Greenland (M«ier, 1956) suggest that crevasses in 
dm form at mn angle to the greatest prindpal elongap 
tinn rate in an environment where the other principal 
strain rate is coropresaing. 

As shown OB figores 46 and 46, the cracks and 
crevasses on Saskatchewan Glacier approach but do 
not exactly coincide in attitude with the principal 
axes of strain rate. However, four effects mitigate 
against a direct comparison: (a) after a crevasse 
forms it is rotated passively in the deforming: ice 
uQtU It has melted out and disappears;*^ (b) the ice 
is somewhat anisotropie owing to foliation mar tiie 
margins; (c) minor differences in stress or strength 
environments cause some variation in fracture orien- 



" Th# ♦(f#rt nr rotation can i^ttmatfil by thr followinir «ampl<' dim- 
7 jtatlon »t y l.nor), i - 7,001). Tht gmmi »l..ii(>llnK Mrnin r«lc hrrr 
I. 11 (i<,; p,r y«r. Thl« w.)i,W crtv»»,M tu form t.j • i.th of 31 fcrt 

•<e<«>rd>nc w> m »OTniul« msgntvd lur N|f» fw tmip»rau te* INr*. p. CU) 
u4 approxinwUly cvflrnMnl by ffrld iiieuur»n«fiU In poiar i«« (Matar. IIMI. 
Afi«r ranoTBl of ctmn Umm rrrvauo irould hmrt ■ lifr of i.t ynn u>4crtlM 
rsl* «< jbtaUM. Tlw WUUon imto ueuund hcra wu O.OU 
IklMflMk it * 0nww tafMt inatantlir and waa not 
, ft wMM bi NtaUd IhfMiah absot 7.t' Wfor* dhwppMrins. 



tations; and (d) the measured principal strain rate 
orientations in midglacier are not precise (see p. 8S) . 

The results from this study of cracks and crevasses 
in a limited area can be extended qualitatively to all 
crevasse patterns. The following method of aaalysbi 
is similar to that used ' v Hopkins (1862) and Nye 
(1952a, p. 89-91). In order to explain a crevaaae 
pattern, the stress distribution on the snrfaee must 
be described. 

The splaying crevaasea in Caatleguard sector indi- 
cate transverse tendon at the flow esnterHne. This la 
probably caused by tran.sver.se expansion of tiis 
glacier after passinp a constriction in the channel at 
x' = 6,000. The margin of a glacier must be identi- 
fied with a plane of greatest shearing stress so that 
the principal stresses must swing to a nearly 45* 
orientation at the margin. Crevasses may be of any 
orientation in midglacier bttt toward ^ margin a 
shear «fress parallel to the valley wall must be 
dominant and crevasses will intersect the margins 
diagonally. In Castleguard sector this dianging 
orientation of principal stress and strain-rate axes 
can be followed from the centerline to the margin 
both in the Mohr's circle constructions (fig. 82) and 
the map of principal strain rate trajeetories (flg. S4) . 
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The transverse tension which causes splaying 

crevasses on the icefall of the only tributary glacier 
(fig. 44) must be clue to a different mechanism be- 
cause here the glacier's boundaries do not diverge. 
The upper reach of this ice stream is confined in a 
broad valley but the lower half flows in an unconfined 
course down the steep wall of the trunk valley; in 
effect It becomes a "walMded glader" (Ahlinaa. 
1940, p. 192). This probably causes a tran?vf>rse 
spreading of the surface on the lower half, forming 
splaying ereraamai. 

Transverse crevasses on the icefall of thi.'= tribu- 
tary glacier (fig. 44) indicate a longitudinal principal 
tendon at the centertine. This is cBnsed bjr tiie con- 
vex longitudinal bed profile. These transverse cre- 
vasses intersect the margin at the same angle as 
playing crevasses, and for the same reasons as given 
above. 

K *h transver<?e and splayinj? crevasses occur in 
midglacier on this tributary icefall, so both principal 
•tresaee must be teuile there. This condition can 
genernlly exist only in midplacier: the pure shear 
component introduced by marginal shear will cancel 
one of the principal tensions along the sides of the 
glacier. IntersectinK crevasses, then, must be rare 
along glacier margins except where the stress field is 
greatly warped. The longitudinal tension is appar- 
ently stronffcr than the transverse tension on the 
centerline of the tributary icefall, because the trans- 
verse crevasses are dominant and continuous and tbe 
splaying crevasses die out near the margin. 

The third major crevasse type — chevron crevasses 
— are related to pure shear caused by the drag of the 
valley walls. These crevasses indicate that the prin- 
cipal stresses are either zero or exactly equal. This 
stress field is probably rare. 

The last, and most unusual, ^rpe of crevasse pai> 
tern which must be explained are en echelon cre- 
vasses. These indicate the intersection of two 
crevasse patterns or trends, but the crevasses do not 
inter.«»^t for the reasons given above. In echelon 
crevasses the stress field at depth must be strongly 
warped so that eentinuooa surf aces cannot be formed 
that are eversrwhere perpendicular to the aids of 
principal tension. This is a general property of stress 
fields in three dimensions (Lagally, 1929, p. 294- 
296), and it must be assumed that long, even cre- 
vasses (such as the .splaying crevasses in Castleguard 
sector) indicate little chan^-e in stress with depth 
except for the addition of hydrostatic pressure. 

En echelon fractures have been commonly assumed 
in the geologtcai literature to indicate a major shear 



at depth. The crevasse bands on &id»teliewan Ghh 

cier, however, are not parallel to a direction of great 
shearing strain but are more nearly parallel to a 
direction of principal elongation. 

The en echelon crevasse pattern along the south 
margin at x = 6,000 (pi. 9C, fig. 44) suggests that 
the stress field at depth is oriented so as to prodooc 
splaying crevasses at the surface. The stress Udd 
at the surface is different and suggests chevron 
crevasses generated at the margin which intersect it 
at a ateepN- angle. These chevron crevasses are evi- 
dently related to the nearly vertical bulge in the valley 
wall. Irregular surfaces perpendicular to the sug- 
gested principal tension axes <fig. 47) wonld outcrop 
on the surface with a pattern similar to that of the 
en echelon crevasses. The crevasses seem to be 
twisted at depth in the manner shown In Hgure 47. 

SIGNIFICANT FINDINGS 

The How of Saskatchewan Glacier was studied 
from several viewpoints. The velocity of the ice at 
points on the surface was measured both in regard 
to spatial configuration and to variation in time; 
some information was obtahned on the change of 
veliK'ity with depth along a shallow borehole; and 
studies were made of the structures produced by 
flow. In addition, the bedrock and ice and surface 
topography was measured and ablation data were 
obtained. Although measurement of these items 
over the entire glacier surface was not possible, the 
sampling of data was adequate to define the velocit>' 
and deformation fields and the structural patterns 
on the surface. Con.sequently Saskatchewan Glacier 
is the first glacier in the Western Hemisphere for 
which .suflicient data were coHf^rfed to provide a 
valid basis for conclusions on fiow law, discharge at 
depth, and geo m etry of flow. The following conclu- 
sions are of the greatest significance: 

1. Saskatchewan Glacier in the years 1952-54 
showed a tjrpe of behavior which might be described 
as "constant unbalance." It was not in equilibrium 
because the surface was lowering, but the lowering 
proceeded at a nearly ooostsnt rate in time and space. 
TIm rate of lowering from tmnittus to flm Umit was 
remarkably uniform (parallel downwasting) . Fur- 
thermore, the discharge of ice through a high cross 
sectioii was the exact amount to keep the rest of the 
tongue thinning at the prevailing rate. Thus there 
was no suggestion of any forthcoming change in the 
glacier's behavior. 

2. Velocity measured at any one point dqiends on 
the time interval of obeervaticm. Very little time 
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vtrifttion can be detected in the velocity field over a 
long period except for a slight deceleration due to 
thinning. However, erratic fluctuationB are noticed 
when velocity leadiuse are made at shorter and 

shorter intervals. Fluctuations of more than 100 
percent of the average velocity are not uncommon in 
meoBureneiits made over ISUhour Intervab. The 
size of the fluctuations is inversely proportional to 
the logarithm of the time interval of measurement 
It is suggested that the total flow is built up fran 
many minor jumps or jerks along shearing planes; 
it is probable that the jerkiness is not doe to the 
erratic opening or closing of crevasses. 

3. The absolute value of velocity decreases down- 
frlacier alonp the center! ine and toward the margins. 
This causes a prevailing compressing strain rate in a 
longitudinal direction alonf the oenterline which 
near the edjre is outweighed by a shearing strain 
rate parallel to the margin. Thus, one principal axis 
of Btrain rate parallele the centerline at tiie center- 
line, and both principal strain-rate axes intersect 
the margin at 45°. Generally there is a component 
of velocity toward th» margins. This prevailing 
deformation pattern is locally modified in the upper 
part of Castleguard sector: a flux of ice in from the 
margins and a slight constriction in the channel 
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makes the velocity vectors converge in map view, 

causing a transverse compression and a longit udinal 
extension in spite of reverse slope in the bedrock 
channd and very low surface alopfc Thnstiieanoaiit 
of extending or- rnmpressing flow along the centerline 
is sensitive to changes in width. The orientations of 
the pdneipal axes of strain rate are computed fhmi 
known velocity gradients, and the results arecfaedcad 
against the orientationa of crevasses. 

4. A component of velocity (Vt) is defined which 
represents the rise or fall of the fee surface which 
would take place if there were no accumulation or 
ablation. This tendency for the elevation of the 
surface to change is due solely to translational and 
deformational motions of the ice. If the glacier is in 
equilibrium, V4 is equal in magnitude but opposite in 
direeUoa to the surface accumulation or ablatioo 
averaged over a year's time. The response, or jstate 
of health, of a glacier at any instant is given by the 
difference between V«, which is a function mdy of 
the current climate, and Vi. which is a function only 
of the glacier's current dimensions.'* Thus 7^ is a 
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factor of greatest significance in any study of the 
resiMiiae or adjiMtineBt of a fflader to its climatie 
environment. The compoTipnt V,, was also shown to 
be useful for computing discharge and velocity dis- 
tribution at depth. 

5. The flow law (shear strain rate as a function 
of stress) of ice was investigated using data com- 
I^ed from Saskatebewan Glacier and other aoureea. 
Tiie reBalte ahow that : 

(a) Hydrostatic pressure has no appreci- 
able effect on the flow law relation. 

(h) There is a transition in behavior from a 
nearly viscous flow at low stresses to a plastic 
flow at high streflses; tiie traioltion oeciin at a 
stress of about 0.7 bar. Glen's formula fW OMip 
does not apply at low stresses. 

(r) Probably two nechanfams (rf How oper- 
ate simultaneously. At low stresses the flow may 
take place largely by grain-boundary creep; at 
high stresses intracrystalline gliding may pre- 
dominate. 

6. Streamlines of flow on a plane along the cen- 
terline generally parallel the bedrock. This suggests 
that the longitudinal profile of a glacier tends io 
adjust itself so that (determined by the depth, 
surface slope aiui sireamline slope) just balances 
the ablation at each altitude. This hypothesis has 
not yet been stated in u.<«able form. Consirlrmhle 
research effort along these lines is justified because 
determination of the longitudinal profile is the Im- 
portant link to an understanding of glaciers as 
climatic indicators, and because existing schemes of 
calculation (auch aa the constant basal shear&iff 
stress theory) lead to wroni? or unusable results. 

7. Several different types of structures can be 
diatinguislied in the ice of Saskatcliewaa Glacier. 
Th.p following three structures are of sreatest in- 
tere»t to this study of flow: 

(a) PrinMry stratifieation, a planar stmo- 
ture inherited from the firn, rides passively down 
the tongue until obliterated by deformation or 
reerystallfzation. 

(f>) Secondary foliation, a planar tectonic 
atrutlure formed by shearing, is sometimes diffi- 
cult to distinguish from primary stratification 
because both structures are manifest by dlffw- 

enccs in frrain size or ice texture. Foliation seems 
to form, or to be preserved, only near the surface 
and could not always be related to planes of maxi- 
mum ahearinff strain. Foliation may be due to 

local 7one5! of intense plastic flow separated by 
zones that are only slightly strained because ice 



exhibits strain-softening behavior. Recrystalliza- 
tion probably has an important influence on its 
formation, and the fact that recrystallization rates 
may be a function of depth might explain the lack 
of foliation in ba.-4al ice. The origin of foliation is 
still an unsolved problem, and much remains to be 
done. This problem is closely related to the prob- 
lem d deflninff and cKplaininff tiie Ikm^law 
rdation. 

(c ) Cracks of several types were recognized. 
Hie major crevasse systems are related in orienta- 

tion to the prreatest principal strain rate although 
there is some suggestion of slight differences in 
ancle. Several minor crack ^rslems are reilated to 
planes of f^reatest shearing strain rate, and in one 
surprising case to the axis of least (most com- 
pressinff) strain rats. Grades can be of great 
value in determining stress and straiiMrats axes 
orientations. 

ACCURACY OF THE VELOCriT DATA 

Two important questions should be asked about 
this, or any other, method of glacier velocity meas- 
urements: First, how exact are the ilnal velocity 
data as indicators of the actual ice motion at the 
time? Secondly, how exact are the true average ve- 
locities measured for a certain time interval as indi- 
cators of the average ice motion for a different time 
interval ? In order to answer the first question a series 
of tests was made on the reproducibility of the instru- 
mental and computational methods; in answer to the 
second question, observations were made on the vari- 
ation of the velocity Held with time. (Sea taUa 10.) 

Tn 19.'52 thr vpI >ri' • -'-Ltions were surveyed using 
a 20-second engineers transit; horizontal angles were 
generally repeated four times and vertical ansles 
read in both erect and inverted positions of the tele- 
scope. In 19&3 and 1954 a T2 1-second optical the- 
odolite was used; horizontal and vertical angles were 
^reneralty read twice by two operators. 

The survey data were analyzed three different 
wajrs: 

( 1 ) For aU stations with reUabla triangnlation 

information, coordinate locations were determined 
once or twice each summer using 8-place trig- 
onometric tables (or rarely, 6-place logaritiinis). 
From these data and the resetting data, velocity 
components parallel to the coordinate axes were 
readily obtained. 

(2) For these same stations* velocity com- 
ponont? at shorter intervals (i/i day to 1 month) 
were obtained by computations of slide-rule accu- 
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racy, using* inerenMiitB of Are tnd •WHimtng fli»t 

the st^ke moved along the path foimd tiie pn* 
cise calculation. 

(3) InsuiBci«itt data were available from some 

stakes to define accurately the direction of travel. 
For these, a direction was asaumed by reference 
to nearby stakes, and caleulation was done to slide- 
rula aeraracy* Transverse velocity profiles were 
^nerally arranged directly opposite transit points, 
so that lack of information on the direction of ice 
motion would have minimum effect on computed 
longitudinal and vertical components of velocity. 
Precision of measurement is determined by the 
■oeuracgr of setup, pointing, reading and the inherent 
precision of the instrumri* ; .stability of instrument, 
transit point and sighting point; varying atmos- 
pheric refraction; resetting meaamcment pmcisiein; 
computational predsien and aoeuraer; and hunnn 
errors. 

In order to determine flie proeision ef tlie liori- 

zoTital measuring procedure, a fixed anple between 
two bedrock points on the north side of the glacier 
was meaaored from a transit point on fhe sonfh 
side. One line of sipht Inrrlv ^'razed the flat surface 
of the glacier so that atmospheric effects would have 
a large influence on the resalts. The instrmnrat 
(T2) was enclosed in a tent for protection against 
wind and direct sunlight, in the same manner as was 
used for a series of short-interval measurements in 
195S. The fixed angle was mea.sured 50 times by 
different operators under what was believed to be a 
representative sampling of different weatlier eondt- 
tion.s and with several setups. The results, there- 
fore, reflect the combined effects of instrumental 
error, precision in setup, sighting and reading, and 
atmospheric refraction. The data when plotted on 
arithmetric probability paper (fig. 48) show a nor- 
mal error distribution with a standard deviation of 
angle of 8.0 seconds. This value is of the same order 
of magnitude as the reproducibility of pointing and 
reading the instrument, suggesting that other errors 
have negligible influence. From these data and teats 
of the reproducibility of readings with other setups, 
it is assumed that the probable angular error (0.67 
times tlw standard deviation) of measurement 
ranges from about 6 second.s for the unshieldied 
engineer's transit to 2 seconds for refined measure- 
ment with the T2. The probable error in locating 
the Instrument horixontally over a point is negligi- 
}■<](' frr the T2 (0.005 to 0.01 foot) but reaches a 
maximum of 0.05 foot (or more in a very high wind) 
for the transit. 
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On this basi.s the probable error in longitudinal 
horizontal location for stations in midglacier ranges 
from about 0.05 to 0.7 foot, depending on the instru- 
ment used and the refiement of measuring procedure. 
For these same stakes the probable error in trans- 
verse location is estimated to range from 0.2 to 12 
foot. Longitudinal locations are much more precise 
and transverse locations slightly more precise for 
stakes near the margin. 

Vertical locations are less accurate. Changing 
atmospheric refraction and poor reproducibility of 
measitting vertical angles wiOi fhe tranait cauaee 
great variability of results; errors from all other 
causes are relatively negligible. Comparison be- 
tween stake locations, meaaured aimultaneoiidjr 
from two transit station.^ and elevations determinrd 
on successive days from the same station, suggested 
that the probable error in vertical location may have 
been as great 1 foot for many stations. This was 
an appreciable fraction of the yearly vertical move- 
ment for some stations. 

Other sources of error in location or velocity are 
difficult to evaluate. Some transit points on old 
moraines may have nu>ved, hat no suggestiooa el 
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sodi movement appears in the data, and a preeue 

experiment to measure movement of TP-6 in 1952 
gave completely neprative results. Some stakes, after 
considerable ablation, were visibly vibrating in the 
wind at the time of observation, but it is not likely 
that an error greater than 0.1 foot was caused by 
this. Measurements made of the new positions as 
stains were reset were gensiralljr as aceorate as the 
surveyed locationf!. However, in 1953 the field party 
failed to record this information, completely or in 
part, for several stakes in the 8, S and 6 series. In a 
few places the mi.s.sinff information was obtained by 
surveys just before and just after resetting ; in other 
places the data had to be estimated eausing an error 
of up to 3 feet in location. Those data were dis- 
carded in which lack of resetting measurements 
caused an uncertainty in the velocity values of more 
than a few percent, and all other data with appr«ei> 
able uncertainty are so specified. Comr ;* iti' nal 
precision wa.s kept within the limits of instrumental 
inaccuracy, and the possibility of undiscovered hu- 
man error in the trianculatloR eompatatioos was 
eliminated by a double calculation scheme. 

In general, it is assumed that the yearly velocities 
reported here are oorreetly measured to wttMn 1 
fpy for the horizontal component and 2 f py for the 
vertical component, unless otherwi.se specified. Sum- 
mer and short-interval velocities were not as accu- 
rate. Actually, the inaccuracy of measurement of 
horizontal velocity over a summer's or year's time is 
only a negligible fraction of the probable error intro- 
duced by assuming that that measurement is repre- 
sentative of the mean vehxity over a longer period 
of tima. 

Table 10.— Cowdhmtn •/ vtioeity aUOcM 
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The data obtained from inelonomcter snmgn of 
the boreholes are presented in table 11, 
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EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT 



THE EFPBCT OF SEDIMENT r HAR Af TFRISTICS ON FROStON AND DEPOSITION IN 

£PH£M£RAL S TREMI CHANNELS 



By S. A. Scuuiut 



AUSTIIACT 



This stndy nf Ave Kraiiurid TiillfyN ciii|iiia»iz<>H tbe Im] orUiuei; 
ut ptiynU-tkl proiM-rrii's ..f itodlnicnt In dctermiDlns stwnm- 
ctHuniel atiaiie aixl (Uff<!r«iM.-e*i in lh« mceliaiiiai of ermfau and 
deiKMltioii iMtweoi mmii. Frcmialiltcs for idccHM nt the 
lln tMM wen • proRKMlT* daerau0 la tbe iwmat ■Ofrciiij 
In ■rrMm rluiniirtii and iMnkii. a«-ttv* ■n>*'*^tloB *nikm 
wiitiiii :i rtTirh i.f thf str.Miii i haiinel, and ueacljr vnlfgrui 

lirljiiliiiry witlJlUfacU driiii.a;;!' hasiji. 

A 1 ■'rriimrlsoii nf tin- iImIji i.l!t:i iiie«l from eaich area (lenmii 
MtruteK (hot In a (Iralimisf t'tiniuiel i'<iiiii»(mk^ of flno-graioed. 
Illgblsr (-utieKiv^ KcdiuiPiit. lU-iMiMitiim cKt'iirs oil the Mides of tbe 
dtftiuwl as well a« «n the channel floor. The ranilt la a >cdiK- 
Ovm. in die ehaimel widtb-deiitta ratio acmaa an amradJn« reaoli. 
Vefetatidii amna to aid d^pimltton by lla rapid growth ou 
rerentlT d<^K4it<Hl fine nlliniuni. luii It If) not the Initial caii.se 

iif H;:K'r:lilrill<i|i li;itili i Jiviln; > l<-|.|s i'tll.\ small llllliiuiit< <lf 
MxiiuieuL umI, laveti liUukh ure oftfu iim k'i fur <J<iH»<)tHMt alotiK 
channel Ai.U'n houiiNp nf their ref^lxtniiL-e to UiMliiteKralluu. 
l>egradaUon In the liner aedimeuta Is generally bjr npatrenm 
bcddeiit niieaUoa. 

In contrast, tboae ehaniiela eoutaliilag only amall anuiiutta oC 
allt-rlar are aggraded ftmiu bivttmn to top. No plaKtering of 
fine s(><linipnt-H cm t!ii' i.< v iitn T.<>sh rogetatiou grows on 

rln-sK jMMirly tftln'sivi'. liiKhly iimMlc si>dlm«>ntM. H6«doQttln4; 
("•<-iirs ■iiily wlicrp the iMiirsi'r Msliini'iirs ai''- cniipt'iJ by a layer 
ol liue materiitl. lii Kenoral, a brculi iu the ItmKitudinal profile 
of this tyiie clinnnel iit quU-kty reuioreil by channel degradation. 
Bank carisK wenia to aupply more aedlment to the atream load, 
for th* Uoeks of poorly i-ohealTe alluvlmo dMntenrata upon 
impact. 

OepoRltinn cau.xes n»(rktMl chiinirprt in the eidieraeral-Ktrenin 
ohannrl'- A'^ ihc re:!' h i»f maximum nuKnuliitioii I'* ii|>|vro;n-lic.i 
channel icratiiem tlf».'rc44!«e«, and dciictulinir on the amount of 
HlltH-lay in channel and luinkK, the wi(ltli'<<(?|)th ratio may In- 
rreniw or even dp< renKe. In all chauuela atudled petvent allt- 
cl«7 tncreanea nod median grain ehie denctM* wttfe agenda- 
tion. At the lower end of an aggrading reach, the gradient 
ateepem. but aeditnent la atlll line and vegetation generally cot- 
ers (tu- i-iiflr* valley lloor. Tl>e ren Ii .'f rii;i\liiitim ili'j».siii..ii 
may niijicrale uiwttrenui with time, but reneMMi de^criidniinn on 
the dotrnstreani reach of Ntwp KrHdient may iinisc n trench to 
cut through tbe valley plug, renewing through trana|M>rt of acdl- 
meat and mnoff. 

Hw aggndntlon tn the atudy arena l« npiMreiiily a reanlt nf 
acdlmant yieldo la tha headwater ptrta of the drainage 
taulait Dcpoaitioa In the ebabnel oocun; kowerar, wbcra the 



race of Increase of drainage area per mile of channel length 
la low. In these reocben of auiall tributary Gontrlbutlon. water 
loaa Into the aUnrinm and tbe anhaeqneat iaeraaae In aedlmcBt 
HneeBtratloa canaea depoeltlott. 

The abapa of itahla ccoai metitm, wKpnmiA na a widtli4eptb 
rattOi It detiendent on tbe weltfited mean percent aat^etay In 
hanlcn nn(i rhnnnclsi -itii li rhat width-depth ratlfi Ini reascs with 
deorcaW silt • lav in ilu' iiUuviuni. Qradlent alao abowg an 
iuvtrsf rt-latidu to iv..|i;he.-<l nifiiii lieTOent allfr^UU fOT ttMie 
(•mail jiireanis iif li>w lumoai dlxcharge. 

It la MUiatevicil iliat the relation between channel abape and 
sUtHHay out be uaed «a a crtterbm of channA atablUty, fOr 
aggrading ctaannria geowalijr plot well nbofa tte wMth-daplli. 
alit-clay tcgteaaton line; whaMa% degrading channrta plot be- 
low the llne. 

Thc study aiisgeKta t^lat |>ri'vcn(i\c i iiiisi'rviiti<m may he thf 
moKt praitiinl solution to ssriuc i-rdsion proljlfuis, gucb as 
arrtiyo cut tint:. 1 >fii<jsitiiin, If Ir (1psIi->-<1 to 1111 a trenched 
channel, Nhould be inducetl in r«<tt<:beH where cuiiditlotui are 
moHt favorable for uatnral aKgradatlun. ConnerTatlon meaamfg 
Should he modlllod depending on the character of tha rallaiy 
and Ito alluTlum. Only certain erltleal scadic* oC * chaiuMl 
nead be eontraiiad ta pevvcnt eroalaa «iar larger anaa. 

INTBODUCnON 

Reoentl J there hu been an inereeM in slaidiw of 

streaiii morpholopy. Ijooftold and MinMook (1953) 
have duicussed dowiuitreiiin clianges in width and deptli 
of e gtraem chennel with inei«Med diecheifte. Addi- 
fioiml studies by Wolinan flD.'iS), Ijpnpo^d iind Miller 
(195t>), iiiid Woliuan and Leopold (1957) have teuded 
to confirm Leopold end M addodcV ooncluBione under 
diverse fontlitinns and have revealed much aljont 
stream-channel development. Hie writer in another 
investigation introdnced a parameter for sediment t3rpe 
and strrss»Nl llip imjwrlanoe of the effect of se<Iiinent 
type on ciiannel sltape (Schumiu, lS>(k)b). All the 
above inTeatifrationg were reetrieted to stable ehatmel^ 
nr nt lonst rliiinnfls th.at wcic lint ru[)idly ;ifri:nulinfj or 
degrading. The present study concerns some small 
ephemeral'Stream channels that are being actively 
aggraded or eroded. 
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EFFECT OF SEDIMENT CHARACTERT8TIC8 



A knowledge of the mechanics of deposition and 
«roeion in semiarid vallejns would not only be Rcadcm- 

icnlly Talunhle, btit rould also provide the basis for 
coiisei'vatiou measures aimed, at i-estoring gullied val- 
Iqrs to thftir imor condition. Much has been written on 
the need for < aivful use of the semiarid valley floor, for 
it may be the only productive land within a drainage 
beein. For example, Peterson (1900), as ■ leault of 
intf>rvifw.s \vil?i sfvoi;!! t';irly si-ttlor>, states that at the 
time of white settlement in the valley of Sau Simon 
Creek, Arix^ the vallqr floor was flat and nnbroken. 
Ijarge areas were covered witli «tmss, Tnxiiriiiiit piiough 
to be harvested for hay. The creek itself was peremiial 
throughout most of its length and lined with trees. 
During the 1880*s, 50,0(K) lioud of caUW^ art- sairl to 
have grazed the valley. At present the valley floor is 
trenched fnmi its confluence with the Gila Biver for 
nearly 70 miles up-^lrcain. altliuu^li a i-eai li of nhnut 2 
miles is micut about 4U miles above the mouth. The 
stream is now ephemeral, and barren flats and minia- 
ture badlands border the ^ully. Other valleys in the 
West have a similar history. 
ACudi thought has been devoted to tlie development of 

i^on.=v>rvatioti nifasiifcs : iii>\ •■iiIu'Ick-., milil llie mc'luiii- 
ics of sediineut deposition and i-euioviil are better un- 
derstood, truly effective conservation measures will not 
t)^.^ ivalixi-rl, TIlis i^eporl is u i'onlributi<ii; (dUMiil the 
develoi)ineii( of that uecessiiry miderstuiidiug of semi- 
arid erosional and depositimial procesees. 

Many ^ttulfiiTs of stretiiii aviivity h«v»» mofriiizfd 
that the type of Bediment ti-ansporled by a stream 
greatly influences the characleristics of that stream. 
TliprofoiT. in okIcv to foian ^rfiif al I'oii.i lusions, areas 
of divei'se sediment type^* must be stmlied. 

A study of the relation faetw^i sediment type and 
streiim-chaniiel sli;>|>p (Srliiiiinii. |!)(>(>ii) has sliown 
that for stable stream chnnncls containing less than 40 
percent gravel and cobbles, the channel shape ex- 
pressed as a width-doptli latio (/') Virai-s the folluu iiiL' 
relation to a weighted nieini viilue for the percent silt- 
clay in bank and channel samples (M) : F^3SS M'^, 
.Silt-cliiy is defined as the sediment passing through tl» 
2U0-mest) sieve, smaller than U.074 mm. 

Areas which had a wide mnge in the percent silt- 
('!ay hi i luniiit f and biinks wfn- ^t'lwtod for study be- 
cause it was believed that such dilTei'eiicee might be 
fundamental with regard to tlw mechanics of sediment 
dcpositioi) and eriision. 

This rei>ort is com^KJised of two nuiin parts. 'I'lie 
first contains a fceogmphic descripticm of each study 
oxeA as well a? a dis- iission of the clian^os in s('<]ini('nt 
and channel ciuiracteristics along each channel. In 
the second part, the data collected in the five study 



Bt^tts are combined to sliow the relations between sedi- 
ment typo and channel chnrncter. and the r»UM« of, 

and the (liffffencps in, tTosioiial and dcposil inn jin ycsfjes 
in the stutly areas. In addition, conclusions and their 
practical application ars diaruBsefl. 
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HBTHODS OF INVBSnGATTOK 

Five drainage basins were .selet ted for sludy. Both a 
rouge in alluvial characteristics from uva to area and 
active deposition or erosion witliin the channel were 
basic prcixMiuisites. To cluniuate as many variables as 
possiUe, areas werp selected in wliicli ditfereiices in 
litliology within a dniina;,'!' h.isin did not afffN-t the 
stream in any mognizaliie uutniKi. Tliis iiectsssitated 
tlie seU't-tiou of small drainage basins; the largest basin 
chosen liud u drainage aj-ca of ;i!Ma;t 0(1 sr|tiart' niileK. 

The I'eaches of each channel m wiiich deposition was 
important generally could be readily identified, per- 
ha{)s most easily by the recnfrnition of i*ceiit!y de- 
posited alluvium by its ftvsii ap[>euraiK'e and lack of 
vegetative cover. Downstream changes in dtanael 
sliapf ntul irrndiont and >c'dinteut character, also coii- 
tirmed iiici l(M'ation of nggnidiiig reacJies. These de- 
position criteria will be discussed in more detail under 
''T)e]M)sit ion in epheiiiora? streams." T'nfortuiiafol v 
ilischargo data were not available for each channel 
at-udied. 

The five ni-eius .scle<'ted, a1tlKitii:!i pcaltt'icil frnni 
southern i>o\xt\\ Dakota to northern New Mexico (fig. 
17), fulftlled all the basic requiranents and were mmi- 
lar in animal pmipitatioii and land use. .Similar 
observations were made in eiich area. Where topo- 
graphic maps of good quality, large aisale, and fonnll 
I'lHitour interval ur-ip available, the ficldwoik u as 
limiteil to tlie col lert ion of tUita at many locations along 
the chaimel. Cross aections were chasm primarily to 
illn-f frit I- till' flitii'iiirs r>rruifiii;_' in tlic rliaiiiiid and on 
the tlmwi plain as ileposition or erosion became increas- 
ingly important in tlw downstream directioii. Photo- 
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Fmkm IT^IndM MP «lM«tai( iMstloa af Stc atBdr hmm. 

^rnipiiH and i^^iUiiifiit satiiple.H of chunnet, bank, and 
overbtttik depmits wen> takon, nnd the |n«dient «f the 

■<TlTlllli \Mlv nir;l--llli'il .ll v-Ai-]i -MTtiiili. Tlic !i)i;(t ioi w of 

(he ^'tiuiiH weiT marked iuu(h> ur aerial phutu- 
ffraphs). The longitudinal pmfile of tlie stream was 
stir\'eyetl alotifr tlie nL-^irt a>!inL'^ i t'iu'li when t<ij>iit.'rn]i!ilr 
umps were not avuiliibie. In brief, the duwii^treani 
fhnnfsea in channel cliaraeter aoeompanyinir depontion 
ui'iv iIiM iiiiii'iltc*! I'V many surveyed «-i-<)ss sections of 
tlie etuuinelSf .spared clasely enough to reveal tlie man- 
ner of rhannel filling. In addition, observations www 
raa<I<" tlie influeit' *■ of \ i t I'iini on deposition. 

The width and deptli of the drainage chauueU were 
esiiMially difficult to determine: (a) where reeent inel- 
sion foniwl a steep-sided trench, in which all the runoff 
was coiituined; or (b) whei-e a filled chaimel held ouly 
the smaller flows. In the flrst type, depth of water 
durinir the rrcchf flooifs was estimated from nhst'i vii 
tions of the heiglit of scour or deposition oit the bnnks. 
In the second type, depth was measared to the lowest 
olovation on tiie pi-ofile front flic rdfrn nf rlic tlisl pci iiia- 
neiit surface or bank above the cliannel floor. On 
flgnns 19, 24, 29, 38, and 87 the dashed line on each 
f-ro'vS section slmws the ^vi,!>l[ hMM-iii rd :i( tlinf ^jfct if.ii. 
\\'idth waji measured from one e<lge of a bank to the 



(^posite, at a distance above the channel floor deter- 
mined by ehamie] depth. 

Samples of eedimrnt were taken from tlic stream 
cliannel, its banks, and the flood plain. Samples of 
the snrface inch of dbamiel sediment were taken from 

10 to ITi points ainnp the rrcyss S4»i'tions, clcpcniiing on 
channel width. These samples were combined to give 
a oompofltt* sampkof the channel ailuTinm. 

In the laboratory, a size analysis of each sediment 
sample was made. Since tlie author had found previ- 
ously (Sehmmn, 1960), that the median gtmn sise of 
the sample alone is not the most imporfiint rhariirtcr- 
istic of tlie sediment, the cumulative grain-size curve 
was tued to edeet other parameters of poesibla value^ 
snrli as those used (o determine the engineering prop- , 
crties of granular materials. Burmister (1952) has 
prepared tables which allow estimation of permeabOity, 
cohesion, and frost-heavirifr chnractprisf ics of a soil 
from the grain siate below which 10 percent of the 
sample is finnr (Hasen^ effective sii^ Dbt). Bur^ 
mister^ tables were used to describe in gmutl taOBM 
the physical propertiea of each sample. 

The percent dlt-day in the sampla, taken ss that 
part of each sample passinjr the i'fiO mesh sieve, was 
also selected for comparison between areas. Burmister 
jpvies physieal ressons for seleetinit 900-mesh sie^e 
or 0.074 mm as the boundary bet wwn silt -rlny and sand, 
for the soil becomes less well drained and capillarity 
inoveases ss the percental of material passing the fiOO- 
mesh sieve inciTases; in addition, the 200-mesh sieve 18 
the practical lower limit of sieving. In a recent paper 
Dunn (1959) demonstratea that the reriatanoe of allu- 
vium to tractive force is, related directly to the silt- 
clay content of the sediment. Dunn, however, defines 
sflt-day as sediment liner than 0.06 nun. 

ABSA8 OP STUDY 

For each of the 11^ study areas a Kfo^raphic de- 
scription \vill lie presented. This will be followed by 
a general description and a quantitative description of 
sediment and channel variations downstream. Com- 
parisons of the five areas will be made in a later section. 

gAOX CKXSK, flOUVK SlAXOTA 

DESCRIPTION 

I.oiiitiiin. — Sage Creek, a tributurj' to the White 
Kiver. (K^r». 17, 18) drains an area of about 92 square 
miles in the southeastern corner of Penninjrton County, 

Dak. The northern drninufre divide is about 11 miles 
south of the town of Wall, and the eastern divide is 
about T miles wert of the town of Intemr. Hie bead* 

\v:iU'|-> lie witliiti flic hmmdary of T?a(llaTid=; Xatinnal 
JSIoiiument. That part of .Sage Ci"cck studied ill detail 
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KFFECT OF SEOIMSNT CHARACTBBISTICS 




ia shown on two Ctoologiciil Surrey topographic mapx, 
the (^onnfa and bouquet TaWe i|ii:i<Jnit\;rle6. 

AnmuU preeipitatum, — ^The mean annual precipita- 
tion at Interior, based on a lO-ywr T«n>rd, is 16.88 
'mrlu^s (tnl»1e 1). Tljef^rea test part of ilii^ iin .inmial 
precipitation^ 13.87 inches, oocoired dunn|f the period 
April throni^ October. Acoocding to Thomthwaite^ 
dimnte rluniiKation (IMl), the Smgt Creek area h 
semiarid. 



Veffe^ation and land tm«. — ^Most of tlw drainage iMsin 

is iiM'iI IIS i;r!iz'mrr land, althou|i]i soino nlfalfa is prown 
on that pail of the basin that lies on tlie flood plain of 
the White River. Vegetation b of the short gius 
{iiuiric tyi>e, iilthoii|^ in the badlands y^gstation is 

gcucriilly :if>sMit. 

Phyx'uh/r'i i>f>ii <riu/ gffilogt/. — ^The headwaters of Sage 
Cfi'i'k the ])rcv':]jitniis l):ull:nid escarpnioiit known 

locally as tlte Wall. This escarpment, compoeed of 
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Tabu t.—^ecipilaiion at ttalion* near the t 
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the Buidstones, siitstonea, and clayatoneB of the White 

River jxronp of Oli^nopne ntxc, is Ijoiiig eroded rapidly. 
On many of iiie slopes a depth of U.5 inch of material 
IB •roded dnring 1 ywr (Sehmmn, 19M). SediniBiit 
Pi-odnd fitJiii tlip sfiirp inns) Ik" trnnsported at least 10 
iiiilos across n g(M)tly slo))iug surface foiiued by the 
northward retreat of the badland scarp, to reach the 
Whitf RivpT. Tn spito of the gentle slope of tliis 
surface, about 2«> feet to tl»e mile, it is trenched by 
ephemeral streams. A few residneli or ootliera of the 
main badlanrl mass ti^t^ nfHup if. 

Over almost the entut; drainage area the White River 
grotip n CKpoMd at die iutImx, alllioaglk « geologic mep 
of tlie area (Ward, 1922), whicli unfortunately fatl<=i to 
cover the entire drainage baaiu, suggests that the Pierre 
fliule ot Cntaeeoofl age craps out bi the lower pert of 
the Sage Creek valley. However, siure the crwk flows 
on an alluvial fill derived predominantly from the 
"White Biver groap, no ehaoge in -valley character waa 
recognized due to change of rock type. 

Allutjhmu — The sediment derived from the eratjiou 
of the White River Bedbutds is fins gndned (tsUe 9), 

Median prain size of rhannel sediment for all sections 
is U.31 mm, Trask'g sorting oaeffictent ia 5.29, and 
Ibmn^ effeetive nae is O.008T mm. Udng Bvrmister^ 
tables (lf>rv2), it is found that n soil hiivinf^ />, , of 0.0037 
mm is nearly impermeable. Pot«ntiai capillarity of the 
soil is high, Mid it is vmef saseeptiUe to frost beaving. 
This indicates that the allnviiini ii> peiurfil is highly 
cohesive, and much energy is required to detacli a 
particle from the mass of sUuviiim. The mean peroent 
silt-clay in (he channel pam]>les is 04, eonfimung the 
highly cohesive nature of lliis material. 

Snmplee taken of overbanlc deporita aad deponta on 
the side? of tlu> clinnnel onnfain an even greater i)eix;ent 
silt-clay and smaller value for Dm (table 2), indicating 
even higlier cohenon. 

Sanij)!?.': wer-e t;ikeii from the recently trenched vulley 
sides. Thetie contained H'J perc-eiit silt-clay and Z>ta ^vtis 
0.0028 nun, indicating that, the fill is impemeable. The 
I>otenlial rapillarity is high, and the hanks are suBcep- 
tible to frost hearing. 

OBimaii csainiK TAXiATrora 

Considering the nature of (lie alluvium, a general 
discweioii will novk' be pr^wuted of the changes in chan- 
nel diaraet«'iflties at tlM 14 seetioiiB mrveyed. 

On figure 18 the location of llie M surveyed sections 
and a photograph stations are shown. Photograplis uf 
some sections, diown on fignns 90 and 81, pertain to 
the following (TiM-iiNsion. Cros^ <ertioiis uiv sliown at 
their reiq>ectivc positions on the longitudnial prolile in 
figure 19 which is based on topographic maps. 
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The uppermost section (No. 1) has only a poorly 
defined channel. Past lir-posirimi hns pinoothpil flie 
valley floor until now Hood watei-s cover a widtii of 
about diO feet (fig. 9M). A short distance below 
section 1 n hpnflnif I>el()w wliir-h the vullfv floor is 
treuched. Tlie headciil is not sltown on tigure 19, for 
its height is much leas than the contour interval of the 

topoprnphic iiiiips on wliicli fifrnre 10 hn^pf!. 

Bank cavin;; iias wideneti tlie newly incised cliannci 
between sections 2 and 8 (figs. 19, S0£), but the co- 
hpsiveness of the hank material prpvpnts nipid dis- 
integration of the slump blocks. Some of the larger 
f niginents on which vegetation still grows nre nvelei 
for deposition in thp rhnimel (fig. ;iO<') . 

At sect ion t li is pm ej^ hi».s become more pronounced, 
and locally wiuit seem to be incipient point bars are 
fonning about slump blocks^ The rliannel widens and 
deei)ens rapidly downstream as tributaries join the main 
channel. At section 4 an inner cluuinel hiis formed; 
that is, deposition lias built Ferraces along both banks 
(tig. 20/>). The < ImnutPi istic mode of deposition in 
this area seems to \m? ji j >1 altering of sediment along the 
.sides of the ciiamifl. Tlii' nvpiitly c]o]K)sifi'd. fine 
gJiiine<l liiglily cuhe.-»i\ ji .-,4m I i men t uiils plan! growth, 
and all recent sediment deposits are covered with grass 
aii<] wci ils, wliicli in turn furtlier increa.se de])()sit ion. 

Midway between photograph station 1 and Heciion 
.5 there is a noticeable decrease in stream gradient (fig. 
19), suggesting that deposit i(ju piobiibly increases be- 
low section 5. Downstream ilu- uinci (ernices encnuich 
on the channel proper and mount higher on the original 
]>:inks of the channel until at section 6 only about 3 feet 
of these banks are exposed, uiul u short distance down- 
stream only 1 foot (fig. SOtff), and funilly at ^-lion 7 
(fitr. 2nF), the banks are completely covered. Owing 
to iliia deposition along the sides of the cliannel, bank 
caving has stopped. Overbank dejwsition is important 
at section 7, and the vegetation on the surfacf a ljncent 
to the chamiel is partly burie<l. Downstrtaiu from 
section 7 the channel becomes sliallower and narrower, 
approaching complete filling by building from the sides 
us well as fi-om the bottom of the (uiginal cliannel. 
Thus in about 5 miles the channel of Snge Creek has 
been transfornwl from a raw trench to one almost com- 
pletely aggraded. The coniplctp filling of the channel, 
however, is interrupted f>y Acd trenching below 
section 8. At section 8 the cluuinel is deeper and wider 
than at section 7; however, at section 8 much recently 
deposited alluvium is found in the channel, miggesting 
that aggradation may be occurring or has oocurred 
after channel erosion. 

Figure 21.1 shows a i. n 1, --f intense erosion accom- 
panied by channel widening below section 8. At sec- 



tion 9 the channel is at maximum depth but about 1 

iiiil<3 downstream at photograph station 4 (fi^'. 21B) 
ditpuijitioa has begun again, especially along tlie sides 
of the channel and on slump blocks in the bolioni. A 
short di.stance Mow this |)oiiit a remnant of the old 
clninnel floor is prei*i ved on llie wesst wall of the new 
trein li. It lies (> feet Mow the pnitrie 9arfa<-e, siig^ 
gesting that coinplete filling had not wctirrcil before 
the renewed trenching. This may explain tiie absence 
of a headcut above seetitm 8. Between photograph 
station i am] sc tion 10 (fig, more than 1 mile 

downstreanu < iiannel deposition becomes increasingly 
important, until at .section 10 the cross section most 
nearly resembles that of section 7 (fig. 10) . 

Deposition at se<'tion 10 (fig. 21^) was lieavy during 
the floods l)efore ihe survey, and at this section the 
nintUMT ttf deposition is n>ost clearly illnst r-;U ("<1. .Tust 
above section It) tlie stream bends shari>ly to riie north. 
With rapid de|tosition, the point bar deposit on the 

inside of tin- licnd i? expcrtcfl, hut of jrtTatcr intcrpsl is 
the deposit i( 111 on t]»e outside of the bend uluMf liauk 
cutting: sliould lojrically occur. Figure 2lP is u view 
of tlie de])oHit on the outside H;ink, The fioldljook is at 
the contact Ijetween wlnit may lie deposit ion by flooils in 
the spring of l!)r>7 and earlier Hood.?. The sediment is 
laid in a;^iiin-f tlif Iwink, elTectivelv narrowing the 
I'liiunu'l a! tills section with little or uo ile«iease in 
channel depth. 

A tivncli dug ru-ross t!ie (lr|i<i.sit reveals that stratifi- 
cation is not hoi'tzoiital ; latlier it ciu'ves downward 
from the bank toward the channel. Therefore, these 
lateral di'im-its mv built upward as well as outward 
from the l*aak. The de|K)sil shown on figure '2lD hntt 
l>een sc oured hy iv< enf IUhmIs, but on the inside of the 
In-nd (ligs. A') the building of the de|H)sit oiuward 
into the i-linnnel has not heen hindeivd by erosion, 
(^oniplele tilling of Ihe channel hy a union of the lateral 
deposits and deposition on the <'hainiel fl(M)r will result 
in a chaiuiel till *lei>osit contaiiting concave-up strati- 
fii-alion (.S-hininn. l!H°»itii). TItis type of lateral deposi- 
tion could only oi fin- if areas of fine grained cohesive 
sediments conlaiiiiii;c a liigh peirenlage of silt-clay. 
Figuix- 21/:' shows the growth of weeds on the recent 
de|M)sils. The rnln ^i x cness. ability to hold water, and 
the feililily of tlu- line s^-dinienl aids rapid ami luxuri- 
ous vegi'lal ive growth. 

Pnxeeding dowiistix>ain from section li\ the water 
table appaieiiily ap])roaclies the surface, for willow 
and cottoiiW(M>d .saplings ap|M-ar which further pro- 
mote deposition. .Vt section 1'2 the gmwth of willows 
is dense ninl at section Ui (fig. 2lF) tlie channel is 
almost completely filled. A dam built in the fall of 
1956 may be the cause of ponded water in the cliannel 
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at section 13, but the heav^' deposition alone might 
have earned \t. Tlw 8 mcmthn since cotistrucrion of the 

(lam pi-ohaWv li.'is hci-n in^nnhicnt for fliat srni'-luiT 
to cause accumulation of any nieutiurablc alluvial 
deposit at section 13. At section 14 juat below the new 
flail), overbank <|pjK)siti(iti niiiiii ^ in ilt'iifh fiom 1 In 
feet. A second dam was const rm-ted at the niuuth of 
Sikfs Creek in the fall of 1956. 

Probably little ninnlT i iitcis ilic Wliifc Kiver fmni 
the mouth of 8age Civck. 'I'he upjxjr diuii diveils 
much of the flow n«ras» the flood plain and into the 
livi'i' ii|><ti'(^:[iii. Tlic iciijaiiilii;: runoir is lu-ld liy i]u- 
lower dam. As u resiih high flows in the White Ui\'er 
enter the lower end of Sage Creek and deiiosit sedi- 
ment in tluif i li:ni!i.'1, llnis plufTfriiif.' Ihf movitli of tlir 
creek. This lyi>e of de^Mitiii has Itvvn lernml a "i-evei-se 
delta" by Leiglily (1984). 

QVANTITATIVa CHANMBLi VARIATIONS 

As shovn in the general discussion of variations, 

there niv iimrketl changes in rhaiun'! i Inuacter along 
Sage Creek. A comparisoai now will be nmde of the 
channel and sediment characteristics at each cross aec- 
tion. The parameters of most Iiii|)<)it;iiir(" tn this dis- 
cussion are cbatuiel gradient, the shape of the chanitel 
expressed as a width-depth ratio, median-frrain siie, 
sctrting index of sediment, and tlic |i»M>viit silt -day in 
each ciiaiuiel siuuple. As noted above, the percent 
silt-day is taken as that part of the sample smaller 
than till' '2n()-riiev!i sisnT ni' O.OTf iniii. 

To illustrate graphically the changes, the value for 
each of the above indices is plotted against sectkm nura- 

IXT Oil fl;rilll' 2"J. 

On figure 22 the width-depth ratio is much lower 
at section 2 than at section 1. This change occurs 

ahniptly as one passes the headout Iwtween section? 1 
and 2 because chaimel degradation contnionly causes a 
narrow and deep channel. Where tlie trench at sections 

.'J and 4 has liooti wid.-nr'i! Iiy li.aiik caviiipr, tlu' wiilrli- 
depth ratio in Itiglicr. (iiadiciit is Ivim al be^tions <i 



and 4 than at sections 1 and 2, and it shows a large 
decrease between sections 4 and 6. Percent ^It-olay 

also decreases to a minimum for tlip <?e( tions nf ^t\ tion 
5; however, the largest median grain size was found at 
section 5 (8 mm). To lieep within the limits of the 
din^r^m. median grain siae for section 9 is not plotted 
on figure 22. 

A question arises at this point as to the reason for 

inrron=<'d median gniin size nt section o. Ppihnps (he 
low graideut at section 5 (lig. lU) causes deposition of 
the coarser fraction of the sediment in the channeh 
vvlicrcas, (li(> fiiu'i- fi arrmii i-oiitiinu's ilowiwt ii>;vm ami i=: 
deposited where the channel becomes smaller because 
of aggradation (section 7). Deporition beoomee im- 
jwirtant Ix'low section 5. and (his is accoinpaiitprl hy n 
decrease iu width-depth ratio and sediment size and an 
increase in percent silt-day and gradient. 

To luulpi-stand the aborp rliari^rps iti i !iuiint'l and wdi- 
ment character as measured at the cross sections, the 
manner of channel filling by aggradation shoold be 
summari'ml. In general, thr lipfriiuiinp: of aggradation 
decreaiies chatuiel gradient and relatively coarse sedi- 
ment is deposited in this reach of the ehannd. The 
finer sedinu'tKs rotitlmic to move down the channel 
acixuss the reach of reduced gradient. At soiue point 
down stream, homver, aggradation has almost com* 
plefply filled the 1 lianiul, and it is lipip that overlwnk 
flooding and deposition become impoilant. With each 
flow of water much fine sediment is deposited in the 
retnaining vestiges of flip f-liannel and on (hp flood 
plain. Continued deposition ou the Hood plain causes 
steepening of the gradient of the valley. The finer 
ftacdtm of the alhivtimi is (hprpfore found on the 
steelier readies of the channel and valley floor. The 
above is discussed in more detail later in the report. 

Til Iff mil to a iliscnssion of (lip cmsrs ■ipctinn'? on Sage 
( 'reek, the renewed degradation beginning below section 
8 and continwng below section 9 causes a decrease in 

tlu' \vidtli-dp)illi fatio a( spcfion 0, Pprcpiit silt-clay 
dtioi'euejt'jj itn<l nii'diau irtnii* size increiUHes at. .stH'.tion 10, 
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K, View ui>!icri>uru fruiu t<lati<»i 2 u shiirt diatance downstream fruiii seclicm tt. L<ut<>ral driMwiliuu of liue sediiiient has almawt 
covered bnnkx of giiMy. ' 

F, Crow aectlon T, view downiilraiiu. Banloi are eomfilctclr cMrerad bf nevat depoaltii. Tbe umaU raw cImuumI at the tioaom eC 
the gallr mar >>• the result of renewetf tfeciadatton. 
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but tlw /jenernl ♦rend of tlie eliHiinel Kediment i.s toward 
inereaisiii^ fineness Im Iow sei-liitn T. Gradient also de- 
erewa c o slightly as does width-depth nitio below aeclioii 
10. The plot of sortinjr i|ulex indicates little except 
tliHt tlie sediment is less well sorted on the acggndin^f 
Kach between sections 5 to 7. 

The percent silt-clay in samples of the inner terrace 
(table 2) chan{2:es little in a downstream direction, s\if^- 
giestinp that setliments with more than 70 percent silt- 
clay at« very susceptible to the type of deposition in the 
Sige Creek duuinel. 

avuMAMr or mA&m CBmam abba 

In • dndnage chennel carrying large sediment loeds 

of fine jiriiiiipil liiphly fohecive sfdiiiu-Mt. di^jKisifion 
occurs on the sides of the channel and deposition can 
oeeur on the outride of bends as well es on the stream- 
bed itself. The i-esul( is n ndtiction in the widtli (Icpth 
ratio acru6» the aggrading reaclu Median grain size 
incKOflss and percent silt-elay and fradimt daeveaaefl 
as deposition Iw-irins. Tliis is followed by a decrease in 
median grain size and an increase in sill-cla^ and gra- 
dient as deposittoR increases. The final maH will be 
a broail convex sfreani profile, the downstnam part 
covered by the hner sediment. 

Rapid f^wth of veiietation on recently deposited al- 
lu\ Imn seems to aid dejKwition. Bank ravin{» yields 
only minor nmOtints of sediment except in the reoeutly 
cut reach, and caved Uoeks become nuclei for deporition 
along the aides of the dumnel. 

Zocw/icMk— Sand Creek (fig. 17) drains an area of 
about 26 square miles in western Dawee County and 



northeastern Sioux Comity. Tlie southern drainage 
divide is 6 miles north of the town of Crawford, Nebr., 

and the lieaclwnfcrs dmiii a pnti of the Pine Ridge 
escaipmciit, whith here forms the major drainage di- 
vide liptween the White and Cheyenne River basins. 
Sand Creek flows to Itip east from the e«carpmpnt and 
enters the Wlute River nortlieast of Crawford (fig. 23). 
No top<)f,'r.«i)liic- maps were available for this area. 

Anni/a! jiixi iiitat/,/ii . — >rean annual precipitation is 
17.19 inches ( table 1 ) based ua a 40-year record at Fort 
Robinson, 3 miles southwest of Crawford. Most of 
this pret'ipifatioii ocf^tirt-ed during the inonflis of April 
thioii^'^li ( )i tolicr. Aixording to Tliorntiiwaite's (1941) 
climate cla.ssification, the Sand Creek area lies near the 
east I i m i t of IT li a 1' u 1 i f 3* . 

Vfiffftiifioti rt)ui land iiic. — The slioit gniss praiiie 
vegi>tation, coverinf: all the drainage Wsin e.vcept (he 
liadlaiid arra? nc:\v the wecfern divide, alfonls gowl 
giuziiijr land. Only a small part of the basin shows 
evidence of former attempts at agriculture: however, 
furmin<r is imporfaiit to flir south aiul alonj.' the Whit© 
River. A laic<' i>:iit of the headwater area of tlie drain- 
age basin is biidhiiids. 

Phijuiogmphy and geology. The ii(>p«*r n»nfhes of 
Sand Creek are supplied witli Iar«;n iimouuts of sedi- 
ment derive<l from erosion along the western drainage 
divide. .V photograph taken near (l>e divide (fig. 25.1) 
shows the removal of (he protective gra.ss cover from 
slopes by gullying and tlie formation of badlands. 
IhuUand development is characteristic of the White 
River gi"oup of Oligocene age. 

The westward migration of the White River drain- 
age divide leaves a pe<liment at the base of the Pine 
Ridge escarpment. The area near the scarp resembles 
that near Sage Creek, S. Dak., hut farther to the east 
this surface has been dissected to form an area of gently 



KXPl^.V AT OK I'Hil KE 21 

A, View UowttMtreattt from Mailou 3. Recent trenching has »xi>n«M>d oottouwiMXl tree ruot« ou fl'tur uf cbaanel. View typical of 

MtaditleBB at Mctloa • excciit for tzpooMl roolii 

B, VieH iii^strcani, Htatton 4. TIiIh rvat h is iilumt 1 uille ilo\vnslre:iui from SactlOB 9. DCpOWltkMI «t aedlntOt hOS tngOB fesr* 

on door of channel anil along banks. li<^>th of gully i» Ut feet. 

C. CroM aeettoa 10, view nti«treRin. ProsreiMlve depoMttw In tb* ^UMl batwtea alatlaii 4 and this icctlm lua afagaoM iUed Uw 

ckaanel. llieniazlmnmdHitbflf theciilly waspnAeUr oalylOfMlnciwtfaattA^a^ 

D. Latacal tank dflfiortt oo ouMde of tend at croiw 8««-iiun 10. KtcUtaook ts at contact oC wkat la aanuMd to te the deposits CroB 

tbe IflBS aad itttr flooda. A trcarh dug into these deposita levaaloitMtiiaitloa ptaancBrTtac downward (eoavas) toward 
tbe ctaaimel floor. 

a. Weeds irowias oa reeeotlr deiNMlted alluvlam at erasi seettoa la Older plaat* (cocklclNirrs) are partly borlod. btaUMb^ 
■ant of vagctatiOB la rapid oa the flaa aBovtaaL 

P, Croas SMtfan IS» view dewaitrcaai. Aatoreadvaaecdalaieaf aggrodatloa sad vaiatacive growfli Is oIiowb at fbls oeetloB 
atent SA miles dowaatieaaii fron eroos ooetton ML 



Digitized by Google 



42 



BWBcr or srancENT cbabactebibticb 



u 

10 

t 

• - 

4 I- 

i 

1_ 



1 

r- 



CA09S SCCnOMS 
• 7 • « 

—I 1 n~ 



10 

— 1 — 



II IS 14 



■ ■ ■ 






1 
• 


1 




— 1 — 


1 


1 1 
• 




1 

• 


1 

• 


— I— 


■ 














• 












• 




• 


• 












1 




■ 


• 


1 


1 


UJ 


... J— 









1 1 I 



■ ■ L. 



-n 1 1 1 r 



_LJ I I I L. 



012 £ 

SI 

OlO I 



006 z 

s 




CROSS SCTIONS 



MM 



Kl'lt'RE 22. \'arlii11ol>» 
spnrliii; r il.i • mtu 
vecUoua Id tbr fl<-ld. 



ekaoMl and Mdlnrat cbancterMIci. Safe Cmk. 8- Oak. The 
alens tha atadiN to pMporttoMl to tbt dlatiMW totiiMB 



Digitized by Google 



inOBION' Am BBPIMBMTATION IN A MOIIAiaD MSmaXttOtBSn 

• ftl «t. » H « 



43 



EXPLANATION 
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rolling liills that oontributcB relativaly little sadiromt 

to the ciuumel. 
Aipiin, as in the South Dakota area, ahnost tha antira 

dntiiin^e basin of Suiul Creek is underlain by fonna- 
tions of the Wliite River group. A negligibie part, as 
regards influence on tlie str««m, is underlain by the 

Pierre shale of Cretaceous ;i;:t'. 

Alluvium. — Altiioii^ii derived fruiii erosion of rocka 
of the White River ^oup, tlie aHurinm sampled in the 
Siind CiTck \:ill(»y is somewhut difTi i-ent from that 
derived fruiii the tJontli Dakota badlands (table 3). 
Aa augitested by the name of tim creek, it ia coaner. 
Mwlian jrniln size for all channel sjiin[)l('s is (!.:!7 iniii; 
Tnisks liortinjr index is 2.81 and liazcu's effeLtivii .size 
0.mO mm. Burmister's tables indicate that a soil with 
Diu of 0.010 is not iiiipcriiiiMlili', Imi ir is (lraine<l 
with diffii'ulty and is near the approximate lower limit 
of effective iiae of well points for lowering gronnd 
water iVi.i'rl luinl. 'PIio nieiiii values all >i'ciiiiiis 
show that potential capillarity ib higli and that the soil 
is very susceptible to fmet heavinfr. 

The ;i1n)vc (l:it;i sn^-^^'i'sf that the .sedimciif would tx" 
cohesive and dillicull to detach from adjacent paitidcs, 
but. the individual santples differ from the South 
D ikiit I ni l in timt the ciuiniicl sjimples taken above 
the a^'L'i uliiig reach are ptx>ponionaIly n»ore sandy 
(compart' h^s. 32 ami 27), having as little as 10 per^ 
cent ailt-clay nt sect ion fi. 

.Sanijilesof the hank niaterial contuin t>!) p«-ti i'nt s-lf 
clay, and is 0.tX)44. Klfective siae (/>io) is larger 
than that for the Sage Creek sediment, but it still in< 



Imttawaf tm 

dicatees a nondrainnble system with high eapillarity 
aJid high susceptibility to frrwt heiiving. 

CHANNEL VAHIATtONS 

Tiie higl) sediment yields from badlands in the head- 
watera of Sand Cnak eanae depfliitlo& in fha doiwo' 

stream reaches of fhe fhaiinel. No tojwgrjtphic maps 
were available eo the profile was sui*\'eyed from above 
section 6 to the mouth of Little Cottonwood Creek (fig. 

At spftinns 1 rind 5 the altitude of tlie rli.iiujel 
floor was obtained by altimeter. Alwve Suutj High- 
way 2 the i^dient was measured at each section. On 
fit.iii*e '24 are shown (lie Irmj^itudinal profile of the 
.-.iiiMin, the cross sections acro.Ste the aggrading reach, 
and ilu- |>io(i]e of the flood plain above the channel. 

Siai i iiiir upstream in the ar«a of bndlunds f fig. 25.1), 
u couiiiaions rhamtel exists to the uriui of major ag> 
gradation at swtion !). The channel is ivlatively deep 
at •"Oi l ions 1 and 2, but i( Ix'comes shall oxmt and wider 
lailil at sections 3 and 1 (lig. '•2X>I{) it is a fairly wide 
sandy channel. The gradient at section 4 is about one- 
half of that of se*'tion 1, and as tlie aggrading H'm h is 
approached, the gradient decneases and the < liaiinel 
becomes shallower. Hunk l iving occurs in many 
places. At .section 6 (fig. 2.5^') a recent slump has oc- 
curpe<l. The large block, although cohesive (/>,« is 
O.tKCt), has broken into many smaller fragments. The 
lack of other blocks in reachtsi of bank cutting .strongly 
suggests that, unlike the Sage Creek area (/>,o is 
O.rMM):).')) slimip blocks wiU not remain in the channel 
and form nuclei for chamid depoaition but will be 
swept away. 
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Table 3.-^CAmiKl wtd itdiment dala, Bmd Credc, Nekr. 
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Point b;irs ntul sjiiullmiiks nrc forming on du^ in.ijor 
Iteitdsof tlie('li:umel,aiidiii iiimii^' plnce»cuui'i>c;;ruvel is 
iiirr«Kliiml into lh» rhonuel nt the cut btuihs. Below 
.'i4'<-ti<)n <■>, |ir»»n<>iini'«><l <-lianfro> rK-cur, wliidi are due to 
depusiliun. lielweeii sett ions (> uiiU 7 the gracUeiit. 
decrensca. There is n dmnKB in the nature of channel 
setlinifiil iiiul some leiMleiicy for dopositif)!! nlrni-i tlir 
biinkfi ( li<r. IbD). ('liaiij{ie» in c-lmiinel depth are nmcfi 
);i-(>!)ter tlian those in chiuuiel width. Vc^iition grows 
on sides of (lie fhiiiiiiel, and it iti turn aids fur- 

ther deposition. I)t'|>o<,i(ioii itKi-easesdoM n.strt!!Uu until 
Mt aertinii B { H^. 'l^E) tite channel is almost completely 
tiUed and can U' ti-i ii;:i'iycil only by it.-s biii-e aj)pear- 
aiite. Vep?tatioii, however, is encroaching on tiiis bare 
channel from both sidctt. Floo<t waiei^ at section 8 
cover a width of 190 feet of the valley door. A short 



rli^fuuco below .sp*'iion S the vefretation has eovercd the 
entire cliannel, and the ^iiidieat of (he valley floor in- 
creases sliarply in this area of maximum depodtion. 
The deposition, no loiiL'fi" inntiricil to tiniiip the chiiniiel, 
ha» built up (he center uf the valley untd it has a cuiivex 
cro!» section at sections 0 and 10 (fiff. S4). There is 

|h»im!c<| water 011 tho -.outli sidr of tlu' \ alley hotwi:^n 
.sfclioiuj and y where deposition in tlie valley center 
has exceeded that near tlie south mar^n forminur an 
nndi a-iicd depir!<si(»n or natiinil lake. 

The aerial phot();j;raphs (li{f. 2(> .1, //,) .show the 
area of •rii>nt«st deposition aloni; Sand Creeic The 
li;iht color of the recently dr]i«i--;lc(I alhivitiiti ilpliniir* 
the a<r>ri"ailii4£ areas. Downsiieam from the ai-ea of 
major deposition ve]>etat ion becomes dense on the flood 
plain and trees are more abundant. 
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EROSION A\U SEDIMENTATION 

At sectiou 9 there is a chaimel at the south side of 
the valley. Cross sn^ion 9 {Rg. 24) rereftla that the 

edge of (his fliaiihi'l is higher than (lit- iv^t of llif valley 
floor. Field investigation altovvs that this channel 
mrnee only minor emouiits of water. Tt has not been 
aggrarlcil oomplficly lifrans*' tlin fl(ux! watpi-s are 
divei-ted to the low north side of the valley, where 
renewed trenching has ocearred at section 10. The 
headcut and lonpitudiTinl profile of the floor of the 
recent trencii are shown on figure 24. Thus, although 
the locus of pmnts of maximum deposition is miin^ing 
u[> channel, following it is n tieiirh, wliitli unless con- 
trolled will probably luiite with the upper channel to 
form a continuous duuinel throughoat Sand Creek 
valley. Figure shows the new chnniiel dissecting' 
(he valley fill. Much bank caving is in progress, widen- 
ing the ehannd. Downstream at the oonfluenee of Sand 
and Little Cotfonworxl Creeks flie channel has lilled 
again and ovei-l)ank dei>f)sitioii is iinixjrtiint. 

QrANTITATiVE CRANNBI, VAKIATIONS 

It has been suggested under the ^reneral discussion 
that marked changes occur in channel and se<Iiment 
cliftracteris(ics as tlie nggrading are* is approached and 
crossed and that these changes differ soinewlmt from 
the changes in the Sage Creek area. The values for 
sediment and channel characteristics are plotted for 
each cro^ section on figure 27. 

Above section 6 width-depth ratio is a maximum at 
section 8 but sliows a general increase from section 1 to 
section 6. Gradient decreases at downstream sections 
in (he manner to be exi)ected. Percent silt-clny remuins 
nearly constant. Median grain size varies but not in 
relation to any known control. Thus above section 6 
the parametei-s vary in a downstream direction, prob- 
ably much as they would in any chuniiel. Ret ween sec- 
tions 6 and 7 de|>osition becomes noticeable, and at 
section 7 a pronounced cbange in channel and sediment 
character occurs. Width-depth ratio increasos, suggest- 
ing a widening and shallowing of the cliaiinel or a 
gieater decrease in depth than in width. This increase 
continues to se<-tion 8 biyond which the channel is com* 
pletely filled. Accompanying the increase in width- 
depth ratio is a slight decrease in gradient, a great in- 
crease in percent ailt-elay, and a decrease in median 
grain sise. 

Continuing downstream toward tlie iieadcut, at sec- 
tion 10, little change occurs except for ini Increase in 
gradient and a sharp decrease in width-depth ratio. 
Stream gradient is initially decreased by depo<;ition 
and then steepened as di |)' ii ion becomes excessive. 
With renewed trenching gratlii iu decreases, but it still 
is steeper than ahoro the aggrading reach. Percent nit- 
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PittCKE 2^- Sand <'n-i-k, \i-br. 
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clay decrensfs and incdinn grain size innreasos. Down- 
stream from section 11 rei-ent cutting pmbably has not 
occurred, and tlie cliannel and swlinient characteristics 
vary tceordingly. 

Bef%veen sections 8 and 13 the samples of overlmnk 
umterial sliow a slight increase in the (lerccut of silt- 
day (table 8). The sorting index dots not change 
greatly bet««Mi sectiims 1 and IS. 

■laVOBIC CKAIKIH 

Conversations with local nnirJirrs rc^xnil tiiat llu' 
zone of maximum deposition, now located abuve and 
below aeetion 0 (fig. t24), was almut a mile downstivam, 
near the county road, in 1017. !() years npo. The filliiier 
of the valley has been a type of backtilling, lliut i^, ti 
mitral ion upstream of the zone of niaximam deposition 
i-atlier than a general raising of the lower part of the 
valley. 

A fence at section U has been replaced 5 times in 40 
yeai-saseach installiiiion was |»;irilv Imi ii'il ]>y iillnviiim. 
Total de|)osition at section 1* wuseetiiiiuud by the owiut 
to be atmnt 15 feet. 

The headcut, now nenr «crfion 10, started al>oiit 1950 
between to 1 miie l>ch>w tlie county road. It has theu 
advanced at least 1 mile in 7 years. This informaticn 
suggests that inci:>ion <]id not bepin at the fT)tif1iii>nce 
of Sand and Lit! If Cotttniwood Creeks but on the sec- 
tion of steepest gnuliciu below the road. Tliis indicates 
furtlicr that the shallowing of the channel below the 
road may nut be due predominantly to deposition but 
may reanlt from lack of recent trenching in lower 
reaches of the valley. Segments of the old shallow 
channel are preserved near the new trcmh l>p]ow the 
road. The old channel was about 6 feet deep an«l 13 feet 
wide ; wlu ivas, the new channel is now 13 feet deep and 
20 feet wide. 

The two aerial photofiniphs in fifpire 80 show the 

cb!iitir<*s f)i;tt have occiirrod iit mui nciir the rc-.uli of 
maximum deixjsiliun between VMU nnd l!i.'>4, a period 
of IS yearsi. Upon romparing the photographs, tlie 
channel l)etween sectitMis 7 and 8 seems to have filled. 
Above section 7 the pliotofrraphs auggiest no more thiui 



minor channel changes. Overhank dej>osition is pres- 
ent fartlier to the west (upstream) in 10'»4 as indicated 
l)y th« upstream and lateral expansion of the liglit- 
colored areas of iv<-ent de|>osition, and tlie CUtolT chan- 
nel has lieen tilled. The lake between sections ft and 
9 was formed by 19.'>4, Rnd the darker patches of flootl 
plain to the north of the lake are gray probably due 
to flooding and recent de{>osition on these .surfaces. 
Also, the aggradation in the center of the vallej' has 
forced the «liannel to the south side of the valley in 
1054. .\nother noticeable difference between the two 
photographs is the growth of vegetation on the light- 
colored siu'faces of l i i cut de|>osition, shown on the 
1939 photograph near tlie coimty road, giving them a 
darker appearance on the 10r>4 photograph. 

In addition, a trenched channel exists below the 
county road in the 1964 photograph in contrast to the 
smaller 1989 channel. Perhaps the darker color of the 
valley below the road in the 1!)54 photograph is the 
result of this trenching, for the channel now carries 
all the flood water, preventing overbank deposition. 
Marked changes iiave occniTed, suggesting progressive 
aggradation in the upper area and trenching down- 
stream. The upper limit of both depoaitimi and new 
vegetation seem to have moved up channel. 

SUMMARY OP SAIfD OBK AKBA 

In a drainage channel in wliich the sedinient is com- 
I>osetl of silt -clay and sand in the proportion i to 3, 
<leposition cK-curs «>n the channel floor. Plastering ol 
fine sediments on the channel banks occurs only in those 
aggradiitg reaches in which snnd lias become a minor 
part of tlie se<linient. Tlie width tlepth ratio theirfore 
increases along (he aggrading reach until the channel 
lias l)een completely filled. 

Vegetation is of little ini|M>rtance e.xcept in the reaches 
of citannel whetv fine sediments cover the hanks and 
channel floor. Sediment from bank caving is moved 
(lownstTMlin almost immediately and n\i"ely aids in the 
beginning of channel deposition. A noticeable con- 
trast with Sage Creek is the short distance in whi<li 
deposition appears and 4'hannel Klling is completedf be- 
tween sections ti and 9 (6,000 feet) . 



MCI A.t ATSrtV r>p HtlCKR ja 

.4. Uttdluuds ill li!':iihi afprx nf Rnn<) ri<-i-k ItctiiDvii; nf ihe pniiiTiivt- ^.m! , ovi i iiiinu-^ <lrvclu|iiiu'iit of badlands In soft rfH-kii of 
elie wiiitc l{iv.-i K-mui. 

H. CroKx MHliiiti :t, vivw dowiiMtmiiu. Kflaiively wide saiuly diauupl tyidia! S:iiid Crf^lj almw uggrndin^ renchi^. 
('. C'riMw M'f'tiriii 0. N«tp rp<«'iu sliiiii|) Miu-k at luiJt* of linnk. Fetw-e to left xhnwH Nigim of rwfiit piirtlal burlnl. 
D, Crow aectton T, vUw <lown8in>am. Note derelopmcnt of tierms mloof sidea of cliauueL VeieuUv* growth ta promoted bar detio* 
sitloB «C lae sadUatats. 

a, Okm section 8^ view dowaatiean. Cuanael is ainwat cooyletelr lUM br >eeeat deiiaaltlaB. Vegetation l» cBcraacbtaf on 

the parts «r the cliaBnel ttiat are ban. 
r, ReceatUr termed colly at ooaaty road betwnmcMMe ssctlms 10 aadlL 
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B 

PlomE 38.— ArrUI itholocraphu ut iwrt of the KniKl C'n>Fk tlratnaicp btialn. Ncbr. .4. lukfii In I1i;i9: h. liikpo In lOB-l. I.lKbt-ralnml am 
upper led of twtli pbulacrnpliii In ami of awxtmuw drpu*lll»B. tw>catli>nii of rniwi »n-tl»n* 6 lo 10 iirv idven un photiwrapb B. 
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In summarj', the Sand Creek channel had few simi- 
larities in the manner of aggradation witli Sage Creek. 
These diifei«Q49e« ore attrilnited mainly to the enullMr 
peroentage of rilt-cUy in the nUaTium of Send Creek. 



Loeatwn. — Arroyo Calabasas (fig. IT) drains an area 
of about 48 square miles in central Santa Fe County, 
K. Bfez. The drainage basin lies parallel to and about 
1 mile northwest of U.S. Highway 85 between Santa 
F»and the Santa Fe Airport (tig. and a part of its 
headwaters lies within the Santa Fe city limits. Ar- 
royo Calabasas is a tributary to the Santa Fe River. 
The Arroyo Calabaaae dewnage basin is shown on the 
fbllowinf Oeologiflal Snrvey topographic maps: SantA 
Fe. Agua Fria, ToiquoisB Ifill, Tetil]* Peak, and 
Montoso Peak. 

Amtml predpitaihn.'^k. 40-]re«r record of precipi* 
tjition for .Santa Fc (table 1) gives a mean annual 
precipitation of 14.18 inchee. Of this total, 10.60 inches 
fell during the months of April through October. At 

the .Sunta Fe Airport a 15 year record gives a mean 
annual precipitation of only 10.80 inches. A compari- 
son of the same 11 years of racord from the 2 stations 
sliows nil average of inches less lainftill at the air- 
port. The Sangre de Cristo Mountains to the east 
probably produce a sufficient orographic effect to cause 
this difTereiico in rainfall In'twefn inontli an<l head- 
waters of Arroyo Calabasas. Tlie drainage basin ap- 
parently lies witlun a narrow xone of SBmiarid diniaCe 
Ix'tween t)ic> niote hiunid moonteius and the erid mne 
to the west. 

Vegetation md Imd tM«.— Yee>tiitianal cover is poor 

except on the mil reiK lied \ iilloy bottom'^. Pifinii and 
juniper grow ou the hills. Grass is nearly absent ex- 
cept in the valleys, bat slopes have a scant cover of 
Itnssian lliisiTc. futile jiiid hoi>cs <ir.\/v the niidis- 
so'^ted valley (wttonis. The few dwellings within the 
drainage basin apparently are owned by people who 
woik in tlie city of Santa Fe. \o land rnU ivatiott haS 
been attempted within the drainage basin. 

PkyaiefpNtiphg md geeioff^. — ^Unlike the two areas 
flescrihwl previously, no |)roininerit escarjmient forms 
the drainage divide and no iiediiiient development has 
taken placs. Instead, a dendritic drainage pattern has 
developed, di.vsecf »ng the poorly rnnsolidnterl sediments 
into a network of valleys and divider. Hilltops ore 
oonvex, bordered by valley-Nide dopes of varying sts^- 
ness depending On the activity of the adjacent ephem-' 
eral stream. 

The Arroyo de los Frijoles is a major tributaiy to 
Arroyo Cnlshasaa. Tlieir drainage aieas an mbont 
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riiirRC 2H. — IitJ«x map uf Arroyii (!aUba>a>, N. M«i., dniiDairc buiiln i>liii«rlns Incatlon nf rronK xrrtlnni*, 



equal at the junction of the two (Ag. 2d). In the field, 
Arroyo de los Frijoles seems to be the main stTeam, for 

jit tlin jiiii'tioii it is a wj-ll-dcfiiiPtl tri'iu-h; whoiviis, 
(lie Ai'tx>yo Calabn«n8 channel is i-ompletely a|{gni<i«d 
and irnuswd n fdiort distftn<w nboi'e the junction. 

Till* (itainaL'i' hiisiiis nre mulcrlnin by tlic niKonsnli 
dttted or partly con-sMlidaled silts and sands (umrls) 
of the Santa Fe group of middle (?) Miocene to 
l'It'i>t(>( iMii' I ') ;[<_"' rill' ir repiilni' jslmpe of llie dnuii- 
age basiu is due to volcanic lOcks in the western part 
of the huRin. Tim «.xtent of the volcanic rocks, as in- 
foriT 1 fi I t'lr- (oiMifrraphic ninps, is indicated on 
(iguri« 'i!^. riir Hti-cjuiis ditiining this area enter Arroyo 
Oalabasas near its mouth, but the resistance and permea- 
liHit y nf tli«> volc anic itK-ks result in little sediment and 
rnnulf ivom this part of lliebaain. 

AUmifvim, — ^The stream channels transporting sedi- 
ment eroded from llio S.mfa formation seem to be 
filled entirely witli suid, uiid ilie iwivent sill-clay in 
the channel of Arroyo Calabaaos is only 17 (table 4). 



Median grain size is 0.5tf nun; Trask's sorting index 
is 3.01 , and Hasen's effective size, O.IT mm. Bannister's 

tabli's su^-^L'' tliiit soil with Z>io of 0.17 mm is per- 
meable vi-itJi free flow. Potential capillarity is slight 
and frost heavinjr is ncf^ligible. The above fitctoni sui^- 

:,f«>,^ts tli;if none of (lie ]);ii-tii'li's in the chaniu'Is -.iiv 
bound tuguther but act inde[>cndently. The bank mate- 
rial, however, where sampled, has a mean of 20 per- 
cent silt -clay and />,o of 0.(>4<) nun. Thus, although 
tlie material ii\ the cliunnel l>ottoms i« not cohesive 
the mutenal in the banks is, forming stable sides to tlte 
channel. 

'I-hc s;im]ilcs (uken in the chaniu-I art' not (rii!y repre- 
sentative, for in some sectioiia gravel, cobbles, and even 
a boulder in some places cover about 5 percent of the 
strenmbed. Flowever, this small fraction of larjrer 
arruin sizes (lid not si'cm to hiflnencp the jreiieral i-liaiinel 
iinti setliment character in any noticeable manner, and 
for oonvenienee only the liner material was aamided. 
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Table 4.— Channel and sediment data, Arroyo Calabasiat and Arroi/o de lot Frijole*, N. Ma. 
ICkM: A-iniattw; t-MaUr, U-a 
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CKANNKb TAIIIATHilfS 

Five cTOBB aeeti<Mi9 were surveyed on Arroyo Cal- 

riliusa.s above (he coriHiH'tifT \v;fli Arroyo de los Frii<ile> : 
;i were surveyed on .Vrruyo tie los Frijoles, and 4 IjcIow 
the janctimi of both st reams. 

Alx)ve the junctinii. .\rtoyo C ilubasas hu.s a bro:idly 
convex longitndinHl profile i ti^'. J-ii). At .section 1 the 
streiim channel is 8 feet d<'t-|> nui seems recently iiit 
(fig. 29). I)o\vn?:twini tlu' i hiiiinel is progmssively 
filled with sand until at ."H-Ption :\ reoent floods have 
covered the entii-e vallej' floor (fi|f. :i<>.l ). The valley 
fl'Kir in tnm bct-oniea Itetter rovriTd \\it!i vegetation 
until at section 5 there is no nuiication tliat a channel 
exists u|)streain (flg. SOB). Dm p«rt of the Tulley is 
used for frmzing. 

A short distance Mow section 5 is the junction of 
Arroyo C'alahaifas and Ari-oyo de loa Frijoles. Section 
6, located just below the junction, was surveyed across 



the deep chaftnel, which is continuous in the Frijoles 

(liiUiiMjri^ liasin (fig. .'''(^'1. .\ IicjkI. uI ]iiis started tO 

migrate up the .Vrroyo Culubasas valley, but the valley 
floor is hanging 8 fvet above the trendied channel near 

I ho junction 

The longitudinal prohlc of Arroyo dc los Frijoles is 
flatter than that of Arroyo Calafaasas near their junction 

(fifr. 20),but ;l niil€?s up.strcani it -^ti'i'iuMis ;inil nf >(v(i(m 
Ji tile channel is 30 feet higher than tiie corresponding 
point in tlie Calabasas channel. At section A the chan- 
nel is shallow and sandy (fig. •!*.)). Downstream at sec- 
tion B (lig. 2U) the chiuiuel has widened considerably 
and tLggndBA. Tlie photo^ph of the channel below 
section fi (fig. Wl^) showsthal sj»nd litis been diixtsidil 
out of the channel and among tlie trees near the channel. 
Several channels have formed; these cut around the 
partly buried brush and trees forming islands and a 
braided channel. No haadcut is present, but the channel 
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is nerertheless being lowered downstmun from the 
sggraded cross seetfon as indicated by plant roots 

that are exposed in tlie banks and by (lie roufih api)«ar- 
MM» of the cbaimel floor (f^. d/Oli) ss contrssted with 
the smooth, flat floor ehsrscteristic of reaches of depo- 
sition. At section C tlie channel is narrower and bor- 
dered by well-defined bsnlts. Continuing downstream 
the channeT becomes deeper nntl) nt section /> it is 5 feet 
dee]). Tliis, then, is the Hi-st example of chnniie) rejn- 
vettaliun in which headcutting is not important. A 
definite nick in the longittidinal proflle is noted (fi^. 
29), but the iioucohesive material in the channel pre- 
vents the development of a lieadcut, so typical of 
rejuvenation in the finer, more cohesive alluvium (Sage 
Creek iK t^i t ii ><>i lions 1 and 2: .Sand Creek near sei-t ion 
10) . Iklovr the junction of the ( wo streams tiie chaimel, 
peihaps due to the decrease in gradient (fig. 29), is 
filled within a slmrt distance. 

At section 7 tlie channel is only 4 feet deep and at 
section 8 it is only 1.5 feet deep ( ti^'. mF) . The width 
changes for tlie huk uf lurjre iiinoimrs nf silt-clay 

prevent any deposition along the s'ules. Even at section 
8 the remnants of the onoe high banks seem unchanged. 
Chuineb are filled solely from the bottom up. Defio- 



sition is complete Iwlow section 8 and vegetation covers 
the fin. A small discontinuous gully has formed 
lietween sections 8 and .K Imi as its head<-ut moves 
upstream the lower end of the chatmel is hlled. Here a 
headcut has formed. Samples of the alluvium taken 
across the valley show that, where the channel has been 
tilled, the alluvium contains 66 percent silt-clay, wliich 
forms a tough, cohesive layer over the underlying pre- 
dominantly sandy ciiannel fill. This cohesive layer 
plus the vegetation cover is a protective cai>, and head- 
cut erosion again is the means of gully lengthening. 

.Vt sec tion !t the channel is completely filled, and the 
valley tioor re.senihles that of section 5 (fig. 'MB). Tlie 
grass cover is g(Kxl and cattle grazp the valley floor. 
Below section !( is anotlier heiid' iit tliMt !ias worked 
head ward from the junction of Arroyo Calabasus with 
the Santa Fe River (fig. 2»). 

\'egetation apparently <I(K's not ai<l tne fillinij of 
channels here. The sundy nature of the alluvium pre- 
vents deposition along tiie banks, and no vegetation was 
noted in the channel bottum, Tlip luck of vegetation in 
the channel is attribtited to the lack of coliesion of the 
channel sediment. Any plant that takes root in the 
chaimel bottom would be waslied out during the first 
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flood as the siiiidy sediment is svt in motion. Tlie 
growth of imeds in a sandy channel downstmun from 

a stork writer tT><i'rvn!r f!cntniis'(r;it(>s t!i;H tlu> ilKumt'l 
se<iinient.s will .suppoH vc»fetalitiii if iiiulihl luixHl. Tlie 
reaerrdir has retained all flow, antl the seeds iind plants 
were n«>t wuslirtl nut of the sediiiiMit by flwxls. 

Blocks of Imak-Ciived material wviie uot oominoii in 
rhe channel, pmliably because the low orfiesion of the 
l>ank inuti i ill] utlmv-^ < i-tiinb)ing and removal of follen 
material by (hi- tu-xt Jluod. 

QUANTITATIVE CHANNBL VARIATIONS 

To simplify this disciuisiou the tintn obtained at the 
cix)ss seetioiis on Arroyo do los Frijoles linve been 
plotter! as if tlu-y were sections meaaui-ed upstream from 
section 1 oti Arroyo CulubasiUi (sections A-D. fig 31). 

Moviiij; downstream from section A (fig. :31), three 
arens of deposition are crossed at sections :i, 4,5; and 
«, i). These sections are chumcterized by a high width- 
(li ptli l utio. De|>osilion causes filliii}!; of the cliannels 
from bottom to top without clninjjfing the widtl\, thereby 
greatly increasing this ratio. FIvcn iu the treJiclied 
areas, tlus rttio is nearly '20, which greatly exoeecb that 
in the ureas of finer grained sediment. 

Gradient is steep between sections B and C owing to 
recent incision. It is steep also at. section 5 and where 
measured below section 1) near the Santa Fe River (A' 
on tig. 29). Tliese last two increases in i^radient are 
due to (lie steepening of tlie \ ulloy floor by deposition. 
Each of the steejwr readies of deposition is associate<l 
with seduuenls of smaller grain size, although percent 
silt-day is bigh only at sections 5 and 9. I^erha)>s this 
is because aggradation at section B is not so far ad- 
vanced as at sections 5 and 9. This relation seems 
anomoloHs — finer sediment on the steepest parts of the 
longitudinal profile — but it is simply the result of chan- 
nel and flood-plain deposition as discussed previously. 

The samples st sections 3, 4, and H are not so fine «s 
those lit sections Ti niid ^ cvrti tliou;.f!i in fireniH of heavy 
aggradation, be<;ause they were taken in the last ves- 
tiges of the channels, which ware generslly little more 
than sjiiul-filled swales. However, the valle)^ floor as 
a whole is characterized by finer sediments. For ex- 
ample, sediments adjacent to these inadequate channels 
contained up to 80 percent silt-day ( table 4) . As mcti- 
tioned above, and [lercent silt-clay show the greatest 
changes on the aggraded reacheii. If the samples taken 
at sections 5 and 0 were not plotted on fi|rure SI, per- 
cent silt-i Iny would show hanlly ai-iv i tiuii;:f: \\Iicreas, 
Dm would decrease, but only slightly in a dowiuitretun 
direction. 



The sorting index is highest at section 5 in the ag- 
graded Anoyo Calabasas valley than the junction 
with Anoyo de los Frijoles. 

•CMMART or ABROTO CAIiABAOAO ABBA 

In a drainn;:e iirt*ii in wliirh silt-clay occurs in siiiall 
amounts the clmnncls are tilled from bottom to top. 
No plastering of flne sediments on the banks occurs, 
and vegetation is nof an iiiit>orf mit cause of deposition. 
Ve^tation, however, becomes important in stabilizing 
the deposit when flooding occurs over the entire valley 
floor. 

Headcutting occurs only where channel-fiiUng has 
been completed, and the coarser sediments are capped 
by a layer of fine material which supports a heavy grass 
cover. The suggestion here is tliat a cliannel in coarse 
sediment, when filled, may acquire the characteristics 
of nn nron of finer sediincnt 

1 he gradient of tlie valley increases on the reaches of 
(le|iosition doe to piling up of sediment on the vtlley 
floor. These steep gradient sections are oovend with 
tlie finest sediments. 

BATOV QULCH. COLOKASO 
DESCniPTION 

Location. — Bayou Gulch 17,32) drains an area 
of al)out iili s(|uare miles in northeastern Douglas and 
northwestern Elbert Counties, Colo. It is a tributary 
of Cherry Creek, etilci liifr (hat sfrriim at a point alwut 
3 miles north of Fianklowii and aliout .5..5 miles south 
of Parker. State Highway ^;i i n»sses Bayou Gulch 
about 0.4 mile above the mouth. The dniina^^c basin 
is shown on the Ca.stle Kock and Elizabeth quadrangles. 

Anmml preripitiit'on. — Itaseil on a 23-year record of 
precipitation at Parlcer (9E) (table 1) the mean annual 
precipitation is 18.42 inches. Of the total, 11. bl inches 
fell during the months of April through Octol)er. Ac- 
corrling to Thornth waiters climate ciassitication (1911) 
the area is semiarid. 

Vegetiifion and land me. — Vegetational cover is 
lieavy. Pine trees grow on the divides and cottonwood 
trees are plentiful along the up[>er reaches of the creek. 
Alfalfa is raised on a terrace al>ove the present flood 
plain. The rest of the drainage Imsin is used for graz< 
ing except for a few fields of wheat and com on the 
divide. 

Phf^ogtapky and geology. — This drainage basin, ex- 
cept for the heavier vegetational cover and a general 
api>earance of coarser sediment, rtsembles that of the 
Santa Fe area. A dendritic drainage pattern has in- 
cised the poorly consolidated sediments into a networic 
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FloCM M.— Arroyo Calstwvui. N. Mrx. 
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of valleys and rounded divides in marked contrast to 
the Smith Dakota area. 

Tlip pnfirp drriinii;;i' Imsin is midiTlain Ijv poorly eon- 
suiidiited santlstoiH's auit .shak;j <»f tlie Denver formation 
of Ijute CretuceouH and Paleorene nfft. 

Aflui'iitm. — The channel seclinient rontnins 5 pprrput 
sih-cluy (table 5). The niedian pnuii siz* ih it.ftT nini, 
Trask's sorfinft index is 1.84, and Ilazcn's effective size 
isO.17 mm. Tiie clKit jicterisf i.-s of tlic cliannpl sprlimrnt 
liereand its behavior an- linU' ilillVrent ihan tliai in ihe 
Santa Fearea (table 4) for i^fTt'< tivc size is tlie .same for 
both areas; liowpvrr, ini'rliani.'s of ajr^riadal ion. seem 
to be somewliat ililiVri'iir, and. ni<l('c(i. tlic uidtli-depth 
ratics are };reater in tiiis area, i he bank materia] in 
Bayou Gulch diffei-s from that in the Santa Ft- 
area, for iiilt-cla^' is only 8 percent where sampled. 
Median aise ia 0.49 mm and D„ is indicating that 
oebeaion is low and that the banlts would not have any 

Tabui C— Ckaimrf mif 
ICIim; A' 



great resistance to erosion in contrast to the mote co- 
hesive banks of the Santa Fa area. 



.1. ClUNNBi TARlATIOirS 

Above section 1 (ligs. 32, 33) (he chaiuiel naiTows 
■s the divide is approached. In the reaches of per- 
manent flow nl«"i^'t' «i'rt;on 1, vp^pfnt inn is eiu'nKn Iiiiifr 
on the channel but with difficulty becuu.se of the mobility 
of theclianne] material. 

Below section 1 (fip. 34-4) a wide sandy channel ia 
characteristicof Hayou Gulch toits mouth. At secfions 
4 and .'i (fig. 34/^) channel de|>osition may l)e occurring, 
for .-.aiui has Ijeen de|>osited over the flood plain^ and 
the rh.iiiiifl lias iH'en filled anrl widened. The observer 
lias ditHcuity in determining what process is operative 
in each section of this channel. Where deposition is 
ossnmed to oocar, widening of tiie amd-covsied arsas 

I, Aaymt GtOtk, Caltmdo 
O-a 



CnminiUm 




I>rnlna|i! 


DManiT 
crow 


MrdMn 


Uiorn's 
cOwUimlM 


Truk 
•artlBC 


snttrtoy 
(|MK«U) 


Utadirm 


Oianor] 
vidUi 
«M) 


rhannri 
drptll 


Wldlli- 


Wflnhtfd 

(pi mm) 




I 


s 

H 
8 
.V 
A 
U 


13. 00 
I&05 
10.06 

21. 95 

22. 44 
22. 90 


0. 43 

. 24 
. 47 
. 16 
. 95 


0. 74 

. 90 
. 58 
. 55 
. 47 
. 55 

a 67 


0. 27 
. 13 
. 17 
. 17 
. 06 
. 21 

0. 17 


1. 63 
1.86 
t. 69 

1. 84 

2. SO 
1. 51 

1. 84 


2 

e 

4 

2 
12 
4 

6 


0.013 
.009 
.010 
. Oil 
. 010 
.016 


207 
122 
130 
330 
250 
128 


2. 5 

a 

3 
2 

1. 6 
1. 6 


83 
61 
43 
165 
167 
85 




2 

8 

4 

S 

» 

Mmd. 


&s 

4.4 

2. 0 
12. 2 
4. I 



















2 








0. 82 
. 40 
. 48 
. 27 
. 46 


0.S6 

.055 

.075 
.070 
. 15 




2 
13 
10 
11 

6 












3 




















4 








2. 13 












6 


















6 

Mean. 








1. 60 




























a40 


a 12 




8.4 





















rxprjkSATlOfi or rtnrnR so 

A. t'nim »e<"tl«n 2. Chfii>n(>l ban Ui-i-u Iin<-(1 nid flood wiiloni cover artra bt-CwfOD truck «n<l bill In iHickgroand. Ttirtic muhW 

Mindjr Mwal«i amvey low flcnvs tl.n.iiKh this reach, 
it, Cram aectiao fi. view upiitre«iu. The valley floor U gnaii covered and i« atUiacd for snutng. N'o (iMumel \» pment at 

fhia ecMB aMtkMi. 

Ct Near «iaia sceliaa t, view vpetrtani tAnranl confluoice of Arnfo de lae FHJotaB on >t|ht. Ucedeot on Amfo Calaltuaa 

io leoi ttan SMM ft«t niMtrMm from eonllnMire. 
A, Channel »f Arroyo (U> lox rrij..iir^ im :o <r:if<s Ms-thm B. Bonral ehaoBela apinar to to dagiaiUnc tatwm ncebnuli oad 

JuDliter trees, thoH-ti.v r'.niiint: a i.niii!>.<l . b.iiiin-l. 
K. IrtPKUlar cfaaniu'l .-urf;u-f -ni;i;<-.t.< it.ci|iii>iit ilcjrnnliitiiiii in .\rri.\') d.' !..s Kri i > u-ilrciitu fri.iu <riiss sc rii.n (\ 

P, Near crow neetlon H, view diiwn.><tronuj. Channel Is beinc prosre^ilvelj filled. C^xuiwro with i>botogrnph of wctlon 0 

(flf. M 0). 
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FiiM UK 11. ViirliiMM'i. \n rhuniK-l nnd iwdliront fli«r«i h-i i>-llc- 
AtmjQ CnlalMiiuKi and .\m>xi> dr l<tH iTrlJol**. N. H*K. ITIif ii|i«rtD( 
of the crow ■wtktkii atmuc thr aluielMa !■ pnpwtlMMl t» thr dtaumcM 
tmtwfrn rroM Mx-tloim ill thr lii-ld, 

can Ije noted, but In contrast to the oihei- areus investi- 
gttedt there is no veneer of fine aedimente over the 
e/)ar<;r>r nintprinl end no flnerotchment of ycnetRtion 
into tlip cimnnel. 

Below BBction A, in order to confine the cheniwl end 
thereby to prpvcnr flcpj^if ion of R;ind nn the nfljiM-cnt 
At'ld uad possible cutting; ai-oiin*l tlii> l)ri<i^e iibntnicnUi, 
ft dike hag been built. The dilte is und piled in a ridge 




KKiran 32, — Index mip ot Hajon Onlfh, Colo., dralnaire hailn ahowlns 
IdmMmi aC CNW I 



alon^ the channel, and although it looks unstable it 
awnjs to l)c ptTcotive at lenst for the low floodflowe. 

At the br(d{(e over Bayou Creek, the gradient steepen* 
in response to erosion (fig. In contrast, the 1968 
stream profile, obtained from tlie topographic mai>s, 
shows no sudi steepening. This steepening and the 
narrowing of the channel at section 6 (fig. Mf) sug- 
gpjil strongly that ei'osion is nn m ring or has occurred 
in tlie past in the lower reaches of Ita^'ou Gulch. Owing 
to the lack of cohesion in the sediment, no headeut is 
prt'senl, and a.s will be shown later, the only indication 
that erosion is occurring other than the profile change 
is tlie increase in gradient at section 6 and a decrease in 
the width-depth ratio. AIkivc section 6, 2 ftrf of sand 
has been deposited on tlie surface adjacent to tite chan- 
nel, indicating recent deposition before incision. 

Very little vegi-talion grows on wliat an- us-stnned to 
Ije reaches of major deposition, sections 4 and it. Al- 
tJiough bank caving has contribnted to clumnd widen* 
ing, the caved material is removed by the next flood. 

QUANTtTATIVX CRANKBt, VAHlATIONB 

The downst ivuni changes aiv siminiarized in figure 35. 
Tlie major change in channel width-depth ratio is at 
the aggrading reach where the channel becomes very 
widi- 11 "1 -'i illnw. sc' fions I an«l 5, (Jrudient varies 
little i)ut It inci-eases at section d where the steepening 
ia attribated to incision of tlie channel. The percent 
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of "t 1 ly ill the s^iinliles is :i maximildl »t MCtiOtt S 
n lieie <iej[)usi(.ion iii moat uutic-euble. 

M«di»n fstnAn aise decreaaea downstream but incrMaea 
sliphtly ;it si'ition fi due perliaps to fliiimiHl im isioii. 
Sotting iiulex varies slightly but. iiicreuiieii at .set t ion 5, 
saggesting that sortini; is poorer on raaclies of deposi- 
tion. 

StTMMART OF BAYOU GUIiCH AK£A 

The conolusions mioliwl me little dilfereiif from those 
of tlie Santa Fe aiva. The sediment is dojiositcii oii 
tlie i-hiuniel floor, resulting; in an inci'ca.se in width*clepth 
ratio. Vc^jptation appaivntly cjoos not aid initial 
deiK>sition. 

In spite of tlie siniihirity of tlie Santa Fe and Bayoii 
Gulch areas the width-depth ratio is much peater in 
Bayou (inlrli. This is |)rohably due to the deci-eused 
silt-clay content of b«nk material (see tables 4, 6). 

MBDAVO CBSBK, OOLOXASO 

DBHC»IPTrON 

To complete the series of silt-day to sand sediment 
types. Meflano Creek was selecte<l because both channel 
and li;uik riKileriat arecom]>osed almost eiitii <'l\ nf snnd. 

Location. — Medano Creek (lifrs. 17 and 36) draint; 
an area of about 29 square miles along the west flank 
of the Saiijrre (ic Oisto Mountains in the soQtheasteni 
part of Saguache ( 'oiinty auul the northeast corner of 
Alamosa County. The part of the stream investigated 
lies within the boundary of tli« Great Sand Danes 



Xaf ional ^fon^nlent in .''an Lnis Valley. The drainage 
basiu is shown on the Huerfano Park and Great Sand 
Danes National Momunent quadranglefl. 

Annml pni tpitation. — Prwipitalion records at the 
Gr»it Sand Dunes National Monument headquarters 
are of abort duration, but an 11 -year record at Blanca, 
about 2fi iiiili-s to till' s<ju(1i, sliows tlip mean animal 
precipitation to be 9iS0 inches (table 1). However, 
rainfall in the mountains is much hinher than in the 
Sun I.uis ^'aIl^•y. A .^0 year n'ronl at La Veta Pass 
about 16 miles to the east shows mean annual precipita- 
tion to be 20.96 inehes. Thus th* cliaMto ranges from 
subhumid to arid from divide to th» lover parts of 
the valley. 

Vegetaium and land use. — Vegetation ranges from 
typical alpine types in the high mountains to none on 
the sand dunes adjacent to the part of the creek studied. 
The basin ia not used for agrienltnte. 

Pkjfnogtaphytmdgwlc^j—r^h^ mnuntains are com- 
{K)sed of Permian sedimentary ro< ks and Precnmbrian 
metamorphic and igneous rocks. Sedimenta derived 
from erosion in the mountains are nofc Iimum] in large 
amomifs in the chtinnfl sediment a slif)i1 distance b<>lo\v 
(lie mouiituin front, for as tiie stream flows between 
the mountains and the main sand dune mass to the west 
(fig. MD), windblown ssmd becomes the pre«1nniiiiant 
sediment found in the channel. What might be a per- 
ennial flow from the mountains is, within a lew miles, 
completely ahsoibed by the sand. In 1957 tlw channel 
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contained mignitinf mnd dunM S miles below thecunp- 

grtniiulrs of llifl inifioiiiil nionunuMit. 

The eolian 8wid apamitl^' acciuuulates iiere du« U> 
A ra-entnuit in the monntain front. Sand blown along 
the DUMnUiiin front i.s trnpjkfd in this pocket, and over 
the years has accumulated into a trenieudous mass of 
sand in places more than 800 feet hi|rh (flg. 84F). 

AU\i fJ'tin . — Tlotti tlif Imiiks ami iliamirl of Mfilnno 

Creek, ill the readies studied, are composed of sand 
deriTwl from the main done maas to the west (table 

6). Tn tha channel «t llie :j <-ros.s sections surveyeil, 
median fpmn size is identical, 0.24 mm, as is Dia, 0.15 
nun. Mean percent silt-<?luy is 0.8. Sorting index is 
1^ Tha bank material has even less silt-cluy, 0.5 
percent, but median size is nun and /Ao is 0.17 mm. 

The almost complete absence of silt-clay nidicates 
(Bnrmiflter, lOSfi) that the material in banks and chan- 
nel is frt'i'l\' ilniini'il aiul ha.s no colicsifHi. Tlif liiink>, 
in fact^ are at the angle of repose of dune sand, about 

Although by inspection this area would seem to have 
the coai-sest sediment, the average median size for all 
cross sections is liner than fur any of the other areas. 



This is due to the exeellent aortinip of the windblown 

sand: no apiire( iahic !=«diment Inijrt'r fliaii 0.5 mm or 
smaller liiau 0.15 mm was found in the samples. 

QVANTrrATITB CBANMBt. TARIATIOm 

Ncg^lectinff changes in channel charactw near and in 

the moiirituins, tfif several niilra of channel readily 
aci-e*iible siiowed only slight clianges. At section 1 
the channel is confined between the dunes to the west 
luifl sand piled nfrninst the mountain front (ficr. 'ME). 
Downsiieaiu, iiowever, the channel widens and width- 
depth ratio increases (fig. 37; table 6). Qradient do- 
ctTHscK l)ut thecharacterof the alluvium remains almost 

Water was flowing in the channel during tha study, 

and discliarge was estimated a« 10 cubic feet per second. 
A rcnmrkable feature is that the water was llowing 
on a part of the ( lianncl wdl above the lowest point on 
the cross sect ion. The wafer covered only a small part 
of the total channel width, about 8U to 1(X) feet, aud 
ranged hi depth from a thin film to 0.S foot. During 
a flood, however, water would cover 800 faetof < 
at the cauipgrouud (flg.34^). 



K\I>I.ANATIrl?c or KlUI'U: S4 

Haywa Gulch. vIpw utiKtrnini li«>nv(Hm rnws !«fiiuii» Z anu .{. I'hiiiiiirl U reliitlvoly wido ami Kaiidy. Hunk cutting is 
i-oiumon in this rpac-h. 

H, Bajrou Ouk-li, Ti«w dowtwtrcnm tuward crow sertluo 3. Small leree on rigbt iMe o( cluuinel twcTenta Soodtiis at fleld tP rigbt 
gf plMtncraiili. 

r. Ba^ Ouldi, r$ew downatnaat tFraai Mfhamr Mdse toward cknm Mctl«ii & Tn% llae ladlcatm lecattaa of Ghenr Ciaek. 

D, View from (rent of Mnd drntn Iti (irmt Aand I>nn«« Katlnnal M«nnmrat arnim Med(in» frMk tinrard th« 8auK(» d« Crtato 

Mouiitaliui. 

K. Mwlaiio Croifk. t-nix.s wtlim 1, vlrw ujj.stroum. .\nt<- ilint uurn- Ix flowlne on 'mly a sm.iii jpnrl ut tlif > rnv»t M>(>tlun. The 
4-riMii MCK-tiiiu t>IotU-4l Oil (Ixurc .'{7 hJH)W» that the wiiU r lHi! Ilowiliic cm llic I'avcsI |i.irt nf tlic > liauncl lliK)r. 

Medaoo Credt, ftam tiectitw 3, rirw to west toward main iwiid-duiu* twnm. I'uint in rhannel froui which iitautuKraiifa waa taken 
to aboat 2 fleet lower tliu part o( cliaanol oa wbkk wttir laflowlac. 
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EFFECT OF 6EIHMEMT C&AliACTBRISIICS 



Possibly between KoodB tho wHtcr shifts latonlly 
:(crosK tiff t'lmiinol, bni1flin/» \ip by dei«»>it ion fliat ]inf1 
of the channel on which it flows. This would and dties 
result in the peculiiir situation of water flowing at an 
all itudc hi<;Iier (hun much of the channel bottom. Th« 
chiiiuiel sut'fiice on which water flow.s is braided. Pos- 
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ably, this is because then are no banks confining the 
sniiill flows Slid also because water loas into the sand 

is high. 

Although only a shallow layer of water was moving 
downstream, large amounts of sand were in movement. 
Sand grains and even a few half-submerged jwhljles 
werehuag rolled along tlw channel bottom. The water 
was clear, owing to the low percent silt-clay, and this en- 
abled the author to see antidunes form on the channel 
bottom and move upstream. The upiiti-etuu movement 
of the antidune itself could be obsetred rather than 
just its effect on the water surface. 
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Kir.me .-M.— ludrs nap of M«itniw Crwk, Colo., elwwtaK leCKltiut o( 
eron oecllan*. 



Digitized by Google 



BR06I0M AND SBDnfEMTATION IN A BSMIAltlD KKmtWMKSIt 

net 



61 



120 ftn 



3 




FisDas 37. — Crowt •rctluaa mntftit tlung Medana Cr<«k, Cola. 



Water flowing at und above the campi^round was 

I'Oiuplelely alitsoHwI 1>y (lie snnrfy fliaiirifl within one- 
half mile downsimuii. It was )u>i possible to study the 
njrpradinp i-eanh helow (lie i-ainpfjroiuul be«'ause sand 

>hliu-s h:u] liliL'l:if('(l into flnil |)!iit of till' cliaiiiu'l. In 

julilitiuii, a vt'iifiT of windblown .sand coveivd ti»e ciuiii- 
nel making the di9tiii(rt.ion between «edian and fluvial 

deposition frffii-i:'r 

SUMMARY OF MBUANO CKEBK A.R£A 

This channel, roniposed of done sand with faanito of 

the same material, i^^ the widest niul sliallowMfc (rf tiM 
citaniieb studied. The channel nnu sediment charaeler 
chnn^ little dowiwttenm. Kren thou|[^h avera|!:e me- 
dian seiliment size is the smallest sampled, (his fhaniiel 
is typical of those carryinp the less rohesive sediments. 

COMPARISON OF SEDIMENT AND CHANNEL CUARAC- 
TERISnCS BETWEEN AREAS 

In the preoedinj; -section the changes in sediment type 
iind channel character along a »lreaiii are ditscussed for 
Ave areas differing; in alluvial chnracteristica. In this 
part of the rejioil. the differences and coni|)arisons 
iUuong the live areas will be i-eviewed, additional data 
will be presented, and pmctical applicntiona of the con- 
clu.sions will lie fliwus-sed. 

During titis investigation, wliirii was aimed mainly at 
revealinj; the mechanics of eraeion and deposition in 
small ephemeral -St ream <hannels, data wri-(> rollpcTod at 
some cros.s sections that were nltimutcly detennineii to 
bestahle rather than apprudinpor degmdiiiff. This was 
nnavoidahle, for dni iiip t he r.i i !\ >f atrr-j of t !tp «tnily. the 
stable cross scctiona couUl not Ije readily identified. 



HoucvtM, (he availalrility of (he stable cross section 
tiata alli)\\s (•Dtniinri'^nn of fho stable channel ihnnic- 
teristics luiionfj the ll\t' biutiy area.*!. In addition, if tiie 
stable se<-t ions are disonsiwd first, then the charactariatieR 
and variability of the mistable wrtions ran 1>.- compared 
with the characteristics of stable cross sections. 

SBLATXOH BSTW£EN SEDIKEVT AKD CaAHlfSL 
CHARACTERISnOI 

The .stabli' rhanncl rio-.s tif)ns were «i»1e<'ted from 
all thoiie studied. The sepaiiUioii v\a.H nmde partly for 
comparatiye purposes, for it is ussuhhhI that (hot^e sec- 
tions approaching or having reached stability will afford 
a letter basis for comparison of channel and sediment 
characteristics among the five areas than a mean value 
for all sei'tions st udied in each area. 

The mean values for channel and sediment charac- 
teristics for the stable cross --c. linns as well as similar 
data f(jr those sections which are being actively ag* 
gradeil are shown in (able 7. It was ntore difficult to 
determine if a particular section was being actively de- 
graded although three cross sections are so classed 
(tables 2, 3). Those sections not listed in table 7 
were eitlier doubt fully stable or not l>eing aggrailed 
and are (he uncia-ssitied chaiuielsof tables All cross 
sections classed as aggrading, however, are not listed on 
table 7, for at many such Sections the channel was com- 
pletely tilled. 

Th« stndy areas are listed on thh taUc in the order 

in which tlicy ^v l ^c discussed in the preceding aectiom, 

luinicly. Ml the order of apparent coarsentnj.' of the 
chuimel alluvium and iucreasiug width-depth ratio. 
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Tabu 7.— Mem mIum «/ ikmnet md mUmeiU data 
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A jriance at table T, however, immeduitdy WglgMtB the 

ordei to Iw iiicorm-f, for thei-e is no progreffiive increase 
in iu«;ili;ut ^^min size ( !)») or Di« from area 1 to 0 in 
spite of appearances in the fidd. The peneent silt-ehy 
in the channel samples, however, progressively decrea.ses 
from a high value for the Sage Ci-eek area to u negli- 
gible amount for the Meduno Creek area, although the 
values for Arroyo Calabasas and Bayou Gulch are the 
same. 

The character of the sediment forming the ijerimeter 
of the channel can be expressed as a weighted inean 
percent silt-clay, designated M (Schuinin, lOeob). U 
is ealeulated M folkiws 



la wUdt 90^pereCBt 



•Ilt-ifler la dwnxMl alloWvin, 
illt-elfl7 Id iNuk aUttTimn, 



TTie weighted mean percent silt -clay, hereafter referred 
io as ^ in the text, is given for all cross sections at 
which bank and channel samples were collected (see 
tables 2-6), and the mean values for stable and aggrad- 
ing sections are presented in table 7. M for the stable 
cross sections decreasea in a maimer ttmilar to that Inr 
channel silt-cJay. 

It is interfsting to note that the mean sorting in- 
dex decreases progressively from area 1 to 5; the 
samples become better .sortetl as the ])ercent silt-cluy 
decreases. This may be explained by the fact that none 
of the streams contained appreciable amounts of gravel, 
so as the finer components of the sediment were elimi- 
nated the sorting naturally improved. 

The mean width and depth of the channels bear an 
inverae relation to each other, but both show a pro- 
givssive change us percent «lt-e)ay decreaMw. The 
mean widtli de|)fh ratio sliows a pw^freesivf itn ivjise 
as diannel percent silt-clay and M decreases. In ligure 



88 the values of width-depth ratio for 18 St*bl* CTOSS 

sections are plotted against weighted mean percent silt- 
clay (.V) of the channel and bank samples taken at each 
of the cross sections. 

The relation is such that a narrow and deep channel 
is ».s.sociated with sediments high in silt-clay; wherea.s 
tho.se channels containing liitlo sili-clay are wide and 
shallow. The regiwnon line for figure 38, altliough 
not the best fit for the data shown, is based on data for 
69 cross sections including thosa ^ottsd On figniv 86 
(:$chunun, 1960b), 

The gradients of the streams show a general steepen- 
ing with decreasing silt-clay, but this is not progressive, 
for the Sand Creek area has a somewhat gentler gradient 
than Sage Creek. A plot of M against gradient ( fig. .39 ) 
reveals that streiim giiidient increases as M decreases. 
Thus for those small ephemeral 8t.reams where the 
annual rainfall is in the range 10 to SO inches both 
channel shape and gradient are related to Jd. It is prob- 
able that a different relation einsts between gradient 
and M for larger streams and those in more humid 
regions. The relation between M and widtJi-deplh ratio 
is valid for a large range of streams in different climatic 
regions (Schumin, 196<)b). 

SmtMAHV or COMPARUOMS 

Differences in sediment type among the study aresis 
are related to variations in channel characteristic's. As 
progressively wider and shallo»ver sections of the slable 
channels were considered an accompanying decrease in 
the i>ei-cent silt.-clay composing the periowter of the 
channel was noted. In addition, a decrease in channel 
gradient occurred as ^ increased. 

It is a-ssumed that these relations may Ix* only the 
most obvious. Furtlier work may reveal that other 
a.s{wcts of fluvial hydraulics and morpholoigy are related 
to a parameter, such us M. ex)>res8ive of the physical 
properties of the alluvium forming itieam channels. 
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DEPOSITION LN EPHEMERAL STREAMS 

CKOSS SECTIONS 

During the discussion of the study areas, some com- 
pftriBons betireen the manner of ag:frradfition in ench 

are* were made. The changes in widtli doyitli ratio iis 
an agjfmdiiip renrh was approuchi'd ami t rusised indi- 
catw (hat lis deposition increased the channels contun- 
ing highly cohesive fs*-i)i)nents with a high percent 
ailt-clay became progressively narrower; whereas, clian- 



uels coutaining low-cohesion sediments became shal- 
lower with little ehaniee in width. The modification 

of flip phupr nf a s-troMni rlinntipl by aggradation seems 
to be determiifed by the meclianics of sediment deposi- 
tion in the dumnel. 

Blench (IPS?, p. 13) desnil»es liiteiul rteposition of 
silt along the sides of Indian regime canals and explains 
how this phenomenon is used in the repair of breached 
rnimls and in desifrn. Acror'liriL' t'» Blonrli. (he typical 
Indian canal has a sand b«d uud beiins of silty-day 
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CMAIWCL OMMEMT 

I^MVU 9ln — ^BflBthn l>»(m'm-ii utr. hid vrrudlriit atid wdgklcA Man 
IMrMt iillt«l»jr (Jfl (or nubte eraai Mrtlrap, 

Imm. The bernia are deposited from suspended loud. 
Two study areiis of this investifrntion, Sage Creek and 
even Sand Creek at section 7, sliow bcrm development. 
The cliiuim ls wirli low percent «ilt-clay in banks and 
channel, Hayon Guloli, Arroyo Culabaais, and >[«dano 
Creek, .show only tleposition on the channel bottom. 

Lateral dei>usilion is dne both to the cohesivencas of 
the finer sediment and to its high concentration 
throu|!;hout the mass of flowing water. Hjahtrom^ 
(ll>:{5, p. -274) calculations demonstrate that n mixture 
of silt and clay with an average grain «ize of U.001 nun 
will hare a concentration 5 meters above the channel 
floor only sli^rhtly lr!« than that nieusuml j»»st above 
tiie channel floor; whereas, the concent ration of sedi- 
ment with an average size of 0.10 mm rapidly decreases 
to 10 percent of tlnit just above the chunnel at a heifjiil 
of only 25 cm. Thus, under similar conditions of tur- 
bulence the finest sediment is available for deposition 

alon^r the banks: wherois, the coiirae material will only 
be deposited on the channel floor. 



It has been bUggealttd that the correlation between 
width-depth ratio and Af might be used as a criterion 
of aggradation or degradation (Schuniiri, lOCOb). 
That is, since stable channels fall al>out tlie line de- 
si nl)ed by the equation F "2."i5 .1/ '"% then points that 
plot well above this line might be a^^snmed to be 
aggratling; wlierais, those plotting below tlie line would 
be degrading. To tetst this hypotheflis the data for 
stable degrading, and aggrading cross sections were 
plotted on figure 40 about this regression line. 

The 11 aggradingf seedons plotted sU laD above the 
regrcsKion line: bowp\er, only 7 would be recognized 
a« aggrading from their position on the graph. The 
unstable condition of the rmainder would be obscured 
by the naturul stutfer about the rfsjrepsion lino. TTow- 
ever, since the Sage Creek cross iievtiunij have a de- 
crease in width-depth ratio with aggradation, tbeae 
poitifs w'fiuld tiof be expected fo full ;ibovp the regres- 
sion lilt)'. Ill any event, it seems that those cross sec- 
tions which plot well above tbs regresBum line may 
be congidcri^d aggrading. 

Of 3 cross sections originally classed as degrading, 
there are adequate data, for plotting of 8 (Send Creek 

fjprtioTm 10 and 11; t.'tble These two sections plot 
below the regression line of figure 40. Perhaps on the 
ba«B of the location on figure 40 of seedons known to 
be affyrndiiig or dcgt adin^', it in!\y bo possible to clasisify 
the remaining cross sections, that is, those listed as 
undsfldfied on tables 2 through 6. 

Twelvo of the 49 cross sections studied are unclassi- 
Hed. Intiuflicient data are available to allow compute* 
tion of width-depth ratio or If for six of these. The 
remaining 6 cross sections (Sand Creek 2 and 12 ; 
(^raek 0, 8, and 14; Bayou Gulch Q) are plotted ou 
figure 40. Four of these are located oloee to the r e gies - 
:-ioii lino (Sage Creek 2 iiii<l s, Sand Creek 5^ Bajou 
Uulch ti) , and t hese sections may be stable. 

If the field information on the nature of these cross 
sections is considered, each is located on a reach of 
channel either affected in the past by channel changes 
or to be affected by channel changes in the future. For 
exuniple, tlie channels of Sage Creek at .section 2 and 
liayou Uulch at section 6 have t>een degraded in the 
imst bnt have apparently reverted to a stable fomi. 
.Sanil CiH'ck section .">, on the other hand, has not yet 
been affected by the aggradation occurring downstream 
at section 6. Sage Creek section although believed 
to have l>eeii eroded and ' Iwn snhji ried to rei-ent dt'po^i 
tion, also has a form dmracteristic of a stable channel. 
The enwinn occniring a short distance downstream, 

however, u ill undoubtedly cause OMlksd CbangeS at 
tills seaiou in the near future. 
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The remaining two sections plot far frmn ilic [« <,m< s 
sion line. Sape Creek section 14 plots well above the 
line, and it was noted in the Kekl that water diverted 
onto tht flood plkin by a fsniall dam enters the channel 
and caoses depofiitioti at this section. 8and Creek sec- 
tion 12 plots well iielow the line indicatinfr channel 
erosion. Sectioi Ifl is located only 0.3 mile below sec- 
tion 11 which was previously classified as degnidinp. 
Either degradation is still occiirring at section 12 or 



the section has not been able to adjust its form as ye^ 
to stable conditions. I'iie above suggests that the loca- 
tion of the uncla.s.sitied M>ction.s with re^rd to the 
repression line of tipnre 40 makes it ]K)ssibIe to etessify 
the sections as to their stability or lack of it. 

Tt. inlJItion to clianffes in channel almpa accompany- 
iitg apgiiuiaiion, there are concomitant changes in the 
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longilutliiial profile of the stream. As is well kiiowu 
nnd was noted in each of the study lirMC, fltiMin jn'odi- 
ent is decrensed on the upstream pnrt of the agpriuliji^ 
reach. The slopes nieiisiired at the cross sections in the 
field do not show this in all cases (figs. 2'2, 27, -HI, 3r>) 
but (hf lonjxitudinul profiles do (fijrs. 1 J), 24, "29, 33). 

All tlu' ^i iiplis luul longitudinal profiles show an in- 
crease in gradient downstream on the aggarding reach. 
In all aggrading channels tlii.s .steepening enables the 
stream to increa.se its capacity for .sediment load. Gen- 
erally, incision occui-s on the steepened reach (Schumm 
and Hadley, 1957). Where the channel is completely 
filled by deposition on the steeper reach, the anomalous 
situatioil atiOBB thftt the finer alluvium is found on the 
Steeper ag|p«dlng rMcheSi See section 10 on figure 27 
and sections By 6, and Z on figure 81. 

The data collected at crcKB sections located on the 

aggrading rearhcs nf the study nrcns frivp a fairly com- 
plete picture of what might occur at ouu cross section 
during the complete filling of the chainiel. During the 
discussion of the liistoric changes on Sand Creek it was 
concluded that tlie upstream liuiiL of aggradation 
shifted apehannel as aggradation progressed. Chan- 
nel n^pradation, therefore, ni^y he wniewhnt nnnlapjouf 
to backfilling of the channel, rather than to a general 
filling of the channel simnltaneoasly over a long 
distanc^e. 

A^uming that aggi-adatiun Liegins at one particular 
point in the channel and then progr e aa c e npstieain, it is 

IX)ssiblp to outline the steps in the fomplete cycle of 
aggradation and reti-eadiing of that channel. Gradient 
is decreased hy the initial channel deposit, and if it is 

nof ^wppf nwrtv hy the noxt fl(M)d, this alliiriril deposit 
induces further deposition in tlie channel. As tite cluui- 
nel fills, the aone where major deposition of the coarser 
friK-tioii of till' iilhivium orcurs, migrates iit)<"liininel, 
and progi-essively finer swlinient is deposited over the 
originally eoaner grained sediment at (iMNte of initial 
Rggrn<httioii. 

In several readies of the Sand Creek and Arroyo 
Calabasas channels the sediments in the banks, where 

exposed by tri'iicliin;:. sliow a prn^ressive foarsening 
of the alluvium from top to bottom of the deposit. 
Thus, at any one point in an aggrading channel, sedi- 
ment size ;retierany decreases as dejwsition progresses, 
and accompanying this is a decrease in channel &ize. 
When the channel is almost filled overbank deposirion 
lie. oiiH'-, y iiiiportant. Continued orcrhank dejiosi- 
tion of fine sediment causes a steepcnijig of the valley 
floor. In a short time the ehannel is completely filled, 
iind floodwaters cnvci- almost tlie eiifiie \';>lley floor. 
Nevertheless, a siiort distance upstream the channel still 
exists, but it is being filled. The progresaiTe shallowing 



of the chaiuiel downstream is b«^t shown between cross 
sections 6 and 9 on figure -24 as i>; the decrease in gradi- 
ent as deposition ill tlie i hiuiiiel iM L'in - ' lijj. 24, sections 
6-8). The steejteniiig of tlie ^nul.iui after complete 
filling of the channel (fig. 24, stn tions 9, 10) is also 
clearly shown (see also Schumm and Hadley, 19.57, figa. 
3B, 6.4). Accompanying the change in gradient, per- 
cent silt-clay increases from section 6 to a maximum ior 
all sections at 9, and median grain, stae dccroaneo from 
cross section 6 to 9. 

In the trench above the aggrading reach on Sand 

(^'eek the sediments ex|)osed in the bank between sec- 
tions 5 and 6 from bottom to top are : 2 feet coarse 
gravel and cobbles; A feet coarse-to-fine sand and sOt; 
<J feet of silt and clay with some fine sand. In the 
trench below the aggrading i-each the same type of 
sequence occurs. From anger holes bored in the recent 
.sediments, ttie pravol layer was found at the level of 
tlie channel IIlmji' betvvt^>n bectiuns o and 6, at a depth 
of 2.5 feet at section 6; at 4.0 feet at section 7; and at 
9.3 feet nt sC( (ion 8. The gnu el reappeiirs in the chan- 
nel floor ju.st above the country roiid, and its inferred 
relation to the longitudinal profile is shown by the 
dashed line I)elow the profile on figure 24. This gravel 
layer may bt> the level of the channel floor before aggra- 
dation. If this is so^ the convexity on the longitudinal 
profile shown between sections 6 and 10 above the gravel 
layer (fig. 24) is probably the recent channel and valley 
fill. Renewed trenching has occurred on the lower end 
of the deposit Itetween .sections 10 and 11. This cycle 
of channel filling, aggradation and steepening of the 
valley floor, nnd retrenching of the alluTium has been 
previously discusse<l as the common pattern in semiand 
valleys (Schumm and lladley, 1957). 

To summarin, the deereaae in grain sise and increase 
in silt-clay across an appnuling reach, as shown on 
figures 22, 27, 31, and 35, indicates that as one moves 
downstream along an aggradmg epliemeral stream rela- 
tively coarse sediment will !w found npsttvnni nnd the 
finer sediments will be found on tlie downstreani edge 
of the deposit. In addition, there should also be an 
tipwanl (K-i'ren.'=e in fn'iiin size from l)ottom to top of the 
deposit i; any out ItKjition. I'lie change in gradient is 
from a i lei tease in the filling channel to an incraass 
where the channel has been filled and flood-plain depo- 
sition is doiuiuant. 

In the stadjringof aggrading diannels, it is important 

to re4'Of:iii/,e aiul to anticipnte marked variations in 
chaiuiel character oitd sediment type downstream due 
to aggradation. Tn other words, the orderly rdatiott 

.■^linwn hi iiiaiiy sl[■|'anl■^ will 1k> disrii[>ted hy airf^radn- 
tion, and anoiiiaiies are to be expected. This 'is esjie- 
cially tme of channels which do not have permanent 
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flow between floods. The i^nenilly assumed nbilUy of 

a strciuii tf) adjust to changed conditions dons mil apply 
to ephemeral streams in chanuels that are being rupidly 
sgH^raded. The ephemernl streams, when MttemptB to 
adjust fail, follow a jtatrom of alternate dspoMtion rod 
erosion (Schunniiand Iladley, 10'>7). 

VEGETATION 

{)l>s(>rvat ions have shown tliat tlu> intliu'iice of vejje- 
tntion differed lictween the silty audsuudy study areas. 
In silty sediments, typified by the Sage Civek area, 
prowtli of vo<:t't!Uion was rapid on (lie modern sedi- 
ments. Tiit' itlioiofxittphs of the Sage Creek channel 
(Rg».-^U'-F;2U\/i.F) show veirelut .M *• banks, 
berm, and channel bottoni. Figure 21E show^ t liat vege- 
tation quickly establislies itself after the spring floods. 
In a channel the vegetation grows only on areas where 
deposition has occurred since channel incision. "V^g^- 
tAtion, therefore, may aid depogition once it haii begun, 
but fresh alluvium in the cluuinel seeuis neoaasary for 
H^wth of vegetation. 

The establishment of vegetation on the noncoliesive, 
highly mobile aediments is much more difficult. These 
cbanuels were remarkably free of vegetation even when 
airirmding (figs. 2')//, f; ^C, A', F), but us soon as 
a veneer of finer sedintent was dei>o«iled on the san«l, 
vegetation liegan toeneroivch on the channel and {Rgi. 
'I'iD, E: 30.1, B) eventually completely covered it. 

.Vs discussed in the description of .\rroyo Calabnsas, 
vegetation does grow in the sandy channels when un- 
disturbed— such as below dams that have not spilled 
recently — but flow in the streams of high bed movement 
will cauae waahing out of seeds and plants and prevent 
the development of permanent vegetation. VegetatioD, 
therefore, will accelerate dejMaition hat in the areas 
studied is not the en\if« of it. 

CAXTSES OV DEPOSITION 

One of the primary pur]>oses of this investigation is 
to determine, if possible, tlie reason for aggradation in 
the study areas. The major part of the .sedinient load 
is derived from diffeivnt sources in the different ai-ea.s. 
In the Bayou Gulch and Arroyo Calaliasas drainage 
l>u-~iiis tlic scdiiiK lit IS pmduced by slope erosit)n ;ind 
by channel erosion along the dendritic patterned tribu- 
taries and main chaiuiel. The sediment is not derived 
from any nstricted zone within the basin, but each 
tributary conveys sediment to the main channel. In 
the Sage and Sand Creek basins, most of the sediment 
is derived from an escarpment forming the headwater 
divide. 

In anj events each of tha studj areas ia one of high 
sediment production. No matter what its source, high 



sediment yields ara probably the cause of aggradation 

in thi^sH stream channels. The increa-se in scdiint-nt 
yields and retrencbiug of the Sage, Sand, and Arroyo 
Calabasas channels cannot be attributed to any special 

cause, snrli as rlimate change or ovf-i crrazinj;. In the 
absence of such evidence the channel cutting can be re- 
lated only to the presence of reaches of steeper gradient 

in enrli valley, wliich have been bnilt up by deposition 
to be inevitably trenched. This sequence of events has 
been proposed as the normal cyefo of developaMot of 
ephemeral streams (.Schumm and Iladley, 1057). 

Although causes for aggradation may not be 
completely nn&rstood, the reason for its oocurrenoe in 

a partli ular segment of a stream chnnnel .should l>e 
considered. It seems that aggradation in these channels 
is associated with segments of the stream that receive 
oidy .small i nn(t iljufions from tributaries. The loss of 
water into the channels of ephemeral streams (Babcock 
and Cushing, 1941) and its function in promoting 
aggradation i Scliiimm an<l Hadle}', 1!).'7) liuvf Ix-en 
studied and found important. It^ is logical to assume 
that in those reaches of the channel where contribntions 
of runoff from tributaries is minor, the concentration 
of sediment will increase and aggradation might occur. 
Other fetors would undoubtedly complicate this rela- 
tioii, and it is know that the entrance of a steep-gradient 
tributary' often results in deposition at and below its 
junction with the main diannel. 

Listed in the tables giving the basic data for each 
study area are the drainage area above each aectioa and 
the stream channel length between each seetimi (tables 
'2-r> ) . Tiie increase in dra inage area jier mile of channel 
length above and on the aggrading reaches are pvsaented 
in table 8. A comparison of the ratios shows a marind 
diffeivnce. In each area, e.xcept that of the Arroyo de 
los Frijoles and Arroyo Calabasas, deposition is 
occurring in reaches where the increase of drainage area 
is much less |>er unit length of cliannel fh:iii on tlie stable 
reaches. As previously noted, most of the Arroyo Cala- 
basas drainage basin to the west of the channel, below 
tlie junction with Arroyo de los Frijoles, is composed 
of volcanic rocks from which little runoff and sediment 
reaches the stream. If most of this area is omitted 
from the calculation, tln'!i ilie latlo on flie aggrading 
reach drops to about one-lialf of its value upstream, 
and the rntiofi are comparable to those for the other 
study area--. This I'eljilion •^iii:<re-ts tliat ii<xf.'r.itlaf ion 
occurs in these small ephemeral streams on miches of 
small tribtitnr>' contribution, a result, perha{)s, of 
incifai^-d sediment roiiccn! ration due to water loBS into 
tlie alluvium of the valley floor. 

An additional important point must be the difference 
in general appearnnce between th« same valky where 
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tlie clitumel is completely filled and gni.«aed and where 
trenched. In the flnt Honit d ralley the alluvium tMj 
conUin mucli water, tltereby supporting hcdvy vege- 
iHtion. In Addition n veneer of fine Mdiment geuerally 
overlie.s the coarser s5e<Uinent. in areas of predotninunt 
sand and gravel, thereforo, the valley floor will be an 
area of much finer sediment Up<m renewed trendting, 
however, the <o;ir-aT sediment will lie exjioscd and a 
wide shallow cluuuiel will form, which will appear 
inoonsistent with the fine surface sediment. Thus, the 
sampled s»irfaoe of an untrenched valley floor may 
give an erroneous picture of the composition of the 
major part ol the Tftltqr •llHTimn and its fadwvior 
duriiig erwitni. 

EROSION IN EPHBMIBAL SISBAMB 

The i^ase of the semtarid 4^de of Talley erosion that 

has received the most adenlioii is chininnl iih'isimi or 
arroyo cutting. In this }«<.-tion, the dilierences ijetween 



erotUQU and channel development in the different study 
areas wilt be disettaaed. 



Comparisons of channel erosion in the study areas 
and elsewhere show that after initial cutting of h 
grassed valley floor, the channel extends headward by 
beadeut migration. The perpetuation of a headcut 
seems to require some ivsisfimt inat(tl!i] rapping tJie 
alluvium. This resistant cap may be formed by the 
bindinip action of plant roots, or a veneer of silt and 

clay ovi'i'lylii^' the ruin-scr iiiafcriaTs. If this resistant 
zone were lacking, the headcut would be rounded iind 
lowered as it retreated npchannel, and it would lose its 
ideniily in a slimt ilistanrc "\V!i«>ri' t ii'iu-1iing was 
renewed and a headcut was not formed, Arroyo Cala- 
basas, Bayou Gulch, and Sage Creek below the aggrad- 
ing reach, a well-definnl diainicl was niir-ridy j>resent, 
(ypitied by a generally uniform resistance in vertical 
section. In the broad sandy diannels without line 
sefiiiufiits and vegfiation no lifailnK will form. 

An intcreiitiiig example of the removal of & nick ur 
break in the profile of a sandy channel was found in 
Newlin Ci-rok, ;i trilmfniy to Cliprry Crwk IcM-ated to 
Uie west Hayou (jrulch in Douglas County, Colo. The 
profile of Newlin Creek, when plotted from a topo- 
graphic map ( Parker, Colo.) prepan«il in 10^0, phowMl 
a prominent nick iii the chauud (Hg. 41). The part 
of the Newlin Creek profile slu>wing the nyk, between 
the two sriOTulnry TOads, in secfioiis 17 and 20, was 
i-e«urveyed m lur>T. The altitude of tiie clniuuel at the 
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loirer rcwd had not clunged measaniUy during tlw 

IK-yenr perioil, Ixit (he profile between tlie i-oails had 
beeu atnoothed by removal of the nick. The small 
brmk in tlie 19S7 lon^tndinnl profile tit its upper end 
is tlue to tlie ro«*l orossinp til lliiit point, which may 
have retarded furtlter de^jn^dation, for the nmd ads 
•s a small dam. 

The chiinges o<'<nirrinfr on Newlin (^ivck ;ii;ree with 
llioae obtiervefl by linish (l!)r>7) during fluuie experi- 
ments and siijrp^t that hi i>oorly cohesive material, not 
capi)e(l by n more ivsistiint hivcr, ilu- ]ie;iil\Mii(l iniijin- 
tion of the nick will be accoiiipaiiied by a decrease in 
its height. 

The change in channel riiai-acteristics aloiiir XcwTin 
Creek from above the upper road to below the original 
poaitton of the nick in 1939 illnstTatee the changes 
iMiuriiii^^ <ltiring degradation of a sandy channel. 
Above the up]>er road, the channel is ISO feet wide, 
and aand U being deposited over another 100 feet of 
the valley floor. Width-depth ratio appnKulus Of), 
Below the road deigradation begins; the channel nar- 
rows to 40 or 50 ftoet, and width-depth ratio decreases 
to 17. The" degradation caut<^ i iosion iilong many 
interconnected water courses, forming vegetation- 
covered idands separated by degrading sandy channels. 
One channel probsbiy wilt become dominant after con* 
tinned erosion. 

Downstream, evidence of greater erosion api>ear8; 
roots of trees are exposed and cobbles and boulders ap- 
pear in the channel bottom. At the site of the former 
nick; the gtilly is H) feet deep and is 20 to 40 feet wide; 
width depth ratio is aliont lielow the lower road 
the channel seem.s apgnided, shallowing and widening 
to its junction with Cherry Ci-eek. Sediment samples 
taken in the ero<ling channel show only minor variation 
in grain sixe (/>«,=O.0O) and percent silt-clay ('2.0). 

BAMZ OAVora 

Another im|>ortant phenontenon fhnt orrurs diiriiiCT' 
the development of a stable cliaiuiel is bank caving. 
The relative amount of bank caving i^ong tlw fltreains 
stndieil luid its ctfect is nunkodly different in aivsfl of 
cohesive aiid noncohesivei>ei.linient. 

In poorly rohesive alluTiuro, or that with a small 
|)cr( cut sill cluy, the channel widt-ns l upidly \>y Icink 
caving after initial dissection; whereas, in cohesive 
sediment, predominantly silt-clay, the Mocks of sedi- 
ment flial fall iiitd the i liaiim-l ale resistant and do tiol 
move or disintegrate readily, uithou^'h tliis will depend 
on velocity of water movement. Thfy iiiay even form 
the nucleus fof iI*-|>osition along the banks and ]irevent 
further cliannel widening (tig. 206'). Vegetation, 
growing Ml banks before the caving, often continues to 



grow on the fallen blo^ if rotation of the block was not 
great. The vegetation in turn promotes furtlmr ng- 
gradation in the chaniwL 

niorks of poorly cohesive alluvium, on the other 
hand, disintegrate \ipou impact or later under tlws 
eroding action of flood waters, and the sediment adds 
to the bed and suspended load of the stream. Slump- 
ing or caving of l*ank material into the stream channel 
and the function of slump blocks in sediment supply 
and aggradation, Iheivfoiv, dif^r with type of Uajt 
material. 

FKACriCAL CONiilDEKAilUNS 

Because of a critical need for effective control of 
erosion and deposition in ephemeral streains, an at- 
tempt will l.e made to .suggest how some of the informa- 
tion and conclusions stated previously might have a 
practical application. The differences in enwion and 
dejiasition in the .study areas sii>:i:i'>i that diifeient 
types of conservation techniques may be necessary for 
different ty |h<s of allnvinm fillingthe valley. 

(Jeneraliy, in valleys wliere the streams are ephemeral 
conservation measures are not begun until improvement 
will reqnire large ex]>enditares of time and money. 
For exinii|>le. it]u-v a pdly has fonned the only solution 
is to build cither a daiu or diversion structure alwve 
the hendcut, to prevent its headward migration, or to 
|dii^' the gully and fill it by indu< inn; deposit ion in 
the ti-ench (Peterson, 1050). However, if it were pas- 
sible to determine at what point in the valley 

freiii-hin}^ would iH'^riii, ilien it iiii^dit l)c niuie ei-oiiom- 
ical and certainly more pinict ical to prevent the initial 
eroMon. 

Jennie iluilieN in semiarid \alleys siiirtrest that a 
discontinuous gully will fonn on the steei>er parts of 
an allnvial valley (Schnmm and Hadley, 1957). If 

gornl t o] injri-;t],hir maps are avnil:d)le for (he areas eoii- 
cerned, it would be possible to plot tlie longitudinal 
profile of the stream and discover the steeper reaehea 
wheie trenching ini;:lit ln>^in. If nnips are not avail- 
able, the valley profile could lx> surveyed, or perhaps, 
the rritical irradient changes could be revealed by 
pliotdirrainmetrii' metliods. ( )iire the sliH'jjer reaches 
have been discovered, the valley floor could Ite protected 
by restricting grazing. However, since in many areas 
I he valley fl(H>r affords the Ih si aziiig and becaus*' the 
critical reach would need to be fenced, this solution may 
not be acceptable to the local rancher. Another pos- 
sibility would Ik» the construction of snnill earth diver- 
sion dikes to slow and spread tlie flow of water across 
the steeper reach. This, liowever, iniglit cause deposi- 
tion and further sfeepeninir "n tlds already critl* il 
reach. This discussion of pi-eventive conservation 
measures on the steeper parts the alluvial fttl empha- 
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fliuB that only certain parta of a Talley Med be pro- 
tected to conspi \ e tlie entire valley. 

In three of the study areas selected for this investi- 
gation, problems of oroaion and deposition are acute. 

(V>Tisei v';il ioti ini':)Siires should be dirpctcd nt not iiiaiii- 
taiiiiug but restoring the valley floor to its utigullied 
state. This may be poaribte only by indudnj^r depoai- 
lioii ill tlie gully i)i'<)|wr, fliereby filling und healiiij;: the 
trench. Such a project can succeed best wliere the 
method used is designed to take advantage of a natural 
tprifipiK^y to fifposition. In each valley .studu'd deposi- 
tion was shown to occur naturally where tributary con- 
tribution is small, where gain of drainage area per mile 
of ( luuiiii l is li>«3 than normal (table Therefore, 
if these limited observations are contiruied elsewltete, 
a structure placed in a valley to promote depodtion 
should be lot arod w)u>it the ratio of increase of dmin^ 
age area to channel length is small. 

Deposition also may be induced by udng raverae 
delta deposition near the confluence of the diannel with 
a trunic stream. If a dam is built on tlie tributary a 
short distance above its mouth, the retention of water 
will allow flood waters to iTitci tlic rli;iiiiipl ftmii thn 
main stream, causing detK)sition below the dam and 
plugging of the valley. Deposition in the reservw 
above the dam will ulso !>t' inqKjihmt. Tlie lower end 
of Sage Creek has been tilled in this manner. Once 
deposition hss started, cure slioold be ezerciaed that 
rtiipwcd tronr hing on tlie toe of the alluvial deposit 
does not occur. 

If incipent aggradation could be iweogniaed in a 
channel, if mifrlit l)e accelerated })y mnservaf ion iin';i^- 
ures. As indicated by u reexaaiinatiou uf changeti in 
sediment and channel character across tlie aggrading 
rcnfln's (lips. 2'2, 'J7. HI, il.')) de[M)silion may he de- 
tected, where it is uul obviouH, by a decrease in gnidient 
and an incresse in percent silt-clay in the channel sedi- 
ment. rorlKvp- « tdth-ilepth intio can b*- ihwI. for 
widthHiepth ratio is increased by aggradation escept 
for those arens of high silt-elay where initial deporition 
is nlonir t!ie channel banks for exiinijili', S:i<;fe ("reek. 
IVi'hup^ in similar channels if the width-depth ratio 
in any reach is much higlier than that upstream or 
downslmini. de|)oaition may he expected (t^. 40). 

Vegetation aids deposition only after depoMtion has 
liegun. Vegetation is readily established on the fine 

alluvium but not in pmlominaiitly sandy material. 
It appears therefore if vo^rctatinn does not occur nat- 
urally in a chamud, it probably cannot be induced to 



grow there without great expense. Planti ng grass and 

trees in a semiarid valley would be practical only as :i 
means of stabilizing an alluvial deposit. But care 
should be exercised that the conservation measure may 

not Iiave an eventual adverst- effwf on vallev i^ta- 
bility. More work is required on this and other prob- 
lems related to deposition, but it becomes incressingly 

apparent that a catvfid study of ea< li valley should l>e 
made before conservation measures of any type are 
initiated. 
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CHANNEL WIDENING AND FLOOD-PLAIN CONSTRICTION ALONG CIMARRON RIVER IN 

SOUTHWESTERN KANSAS 



By S. A. Scsmix and B. W. Lichtt 



ABSTRAC7T 

Tb» ctana^ ot Um Cimarron Rlf er la aouthwtMtru Kiiiim« 
liM cbmgMI algiiJflcRiitljr imhm Mtwie tloiM. Thv «T«nf« 
wiAtli oC tk* river «» M feat Id 1874. I>iirti« and after tke 
major floor o( 1914, the rlrer wldmcd until an aTnasn width of 

IjMO teet wttM rMicbnl in lOUi. DiiHiik the |)erlml l&lS-.M 
Hood-plain construction occiiitmI. and tbe rircr narrowed to an 
un-rriKi' vviilth ."..Mi f.f) In Iiiinii^,- tin- l^Tlad 1M4-4I) 

both ctiHttnel MklviilnK nnd nnrrowiuK oreurml. 

Tti» |H>ri(Hl of rhnnn(*l \vi(I>*tiin)( wan Inltliittnl li.r the uiiixl- 
mam flood of record, which was followed bjr a lous period of 
defloleni precl|>ltfltinn, and was terminated bjr the nMjor flood 
of 1012. The period of flood*plnln conntmrtlon waa t^racter- 
lied hf aboTMvenigto annnal prerlpltattoa and floodn of low 
to modwate peak diarbarge. The iiifliiem e of the c hanged ell- 
mntlc cnndltions on vogetntlomU growth i« the key to rininrron 
Hlvcr bebnvlor. Il'iriiit' 'lie mmt^; nf jIi"M-:i mth^-i' uiitmnl 
prwlpltntlon, which aic uU(>i) wltli fliHHi« u( Ion- vci iixxl- 
ernte i»eak dlwharse, vesftntton lH*riiiiie e»tnMl«he<l In the wUli- 
■andr clmnnel. The presence ot refetaiion In the chAunel iu 
tarn aided depoHiiiou nnd flood iilain flonnntlon. 

Tht new flood ptain waa ronntmeted in « period of 12 yeara. 
PNdnminantly hjr Terlienl nenvtfan. It ia compoaod of n moanlc 
of i«lnad8. abandoned ehnmeto. mid aram «f flood pinin con- 
Ntmrted ndjncrat to the lonswaler ebannet. Altbouith initially 
II fliNiiI iii.iy !.!' fiiriueil by ovcrhnnk fliMKllng iiiid v*irtlcal 

actTcli^^ii. lutcral iiiiirrnt hm <if the ntrenni uiny rewi rk tlii' iil- 
lavitini anil rlcstrnT nil cviclem'C of vertical acoretltui 

Tlie channel tliJtiiKvN "hlrb have (KTurrwl aloujt Cluiurnni 
River seem typlcMl of RUiiiiy rlvera In (<eniiiirid retflons. Chiin- 
nel widening luitead of degradotioa and rbaonel narrowlns in- 
■tead at aggmdntinn are cbaraeterlatlc. 

INTRODUCTION 

Flood plains are of historic intotMt to man. They 

offored fcr'ilc luml, nlniriilaiit wntor, sikI pjime to tlie 
primitive Jmnti r and a^iicultiinilisl and U'ratue sites 
of early emtizations. The flood-plftin (l\s< iU r of to* 
day faoes many of tlie same problems as did his an- 
<^ors. For this lenson a better twdetstandiiig of 
river Mid flood-plniti changes may be helpful in pre- 
TMitinfj a repctitioji of past disasters. 

Gcomorphic processes proceed at rates that generally 
■re difficult to naaeee, and thn opportunity aeldoin ariaea 



ti> olilain (lata on the rates. Xi-vcTthclpsg,, a record of 
modern flood-plain destruction and rebuilding is avail- 
able for the Cimarron River in aonthwestem Kansas. 
Thl"? ivrord of st n'arii-'iiaiiripl and flood-plain clianges, 
the reasons for the changes, and a description of tbe 
mechanics of the chnnifes are presented in this report as 

fi i-oiitrihuf iuii to'iv.inl a better undcrstaiiding of ilttvial 
erosion and deiwsition in a semiarid region. 

The Cimarrtm Btver enters western Kaneas about 5 
mile« north of the Oklahnmu hnundnrv ffip- i~) nnd 
flows northeaiitward through Morton, Stevens, and 
Grant Counties and then southeastward thronfdi Has- 
kp!l. Scwai-d. ami Meade Counties bofore reentering 
Oklahoma. The Ciuiarron Valley in southwestern Kan- 
sas is underlain almost eompletdy by rocks of Teitiary 
and Qtifitt'iTiai-y a^re. a1tliiiu<>Ii snmll ontrrops of Trins- 
sic and Cretaceous rocks occur in Morton County. The 
geology and inround-vrater resourcsB of this ana have 
been disciis'=ed hy Mrr.atifrMin (1942, 1946), Biyneand 
McLaughlin (194B), and Frye (1942). 

The initial widening of the Cimarron River, after 
the mnjor flood of 1011. w-f^ dlscus.ced by McLaughlin 
(1947) ; ills paper <lirei'feil the writers' attention to the 
interesting series of events that have occurred along this 

river diirinp the last half < eii(nrY. 

The writers wish to acknowledge particularly the 
suggestioiia and enooongement of T. G. McLaughlin, 
as well as the use f>f lii? i>hrii(.;rn(phs ffi<r;^. n/?. 14.1). 
Messrs, Robert Evans and Kicc Davies of Liberal, 
Kans., very kindly gave us the benefit of their knowl- 

edpe of river rluui;.'r's since the 1914 flocKl. Riehard 
Aro instructed tiie writers in the techniques of tree- 
ring counts and mad« valuable suggestions with respect 
to tbe interpretation of these data. 

CIMARRON RIVER, SOUTHWRSTERN KAKBAA, lS74-»fll 
CIMARRON RTVER, 1874-1913 

The CimaiTon River in Kansas appeared to be typi- 
cal of streams in a more humid environment at the turn 
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of tfaftOWtnrT- Haworth (1807, p. 22) st«ted that 'The 
Cimarron ataaa to have readied base-levd and to liave 
begun meanderinf aeroK its flood pliun. Bsantifal ox- 
bow curves are frequent, and a sluggish iianin> is t'verj- 
wImtb manifest during times of low water." (See 
flg. 4Sil.) 
Aooordinjr to Johnson (190i2,p.M4)t 

Wh*re»er wtttalo thf lllgli Plaln^i ln-lt rlio rimnrron Valley 
uh'iws a llTlnif Ktrs'Jim, ii Is uIwh.vs n incaiKli'iiiie |iK]]ifnK stream 
of uniform width, narroiv, clour iiiul Ufpp • • • Tlic bottom 
land upon which it wanders HUpimrta a coarwr und lunrt^r- 
atBBund gnas than the nplonds. the gam raots rearhim;; m the 
gnmi w*tcr« wbicb Um at a deptli hiwa. at a raltti of oaij 2 or 
8 to«t • • 

The Cimarron River elsewhere, upstream to the south- 
west in the Okliili<ima Piinliiuulli' iuk! (iownstream to 
the southeast in Okiahoma, during historic times has 
always been typically a wide« shallow, sand/ riTer. Aa 

snp/j<^s1«'(l l)v Johnson, the glTiif diffprriTiri' lx>t\vi-»'ii tVio 
Cimarron River in Kansas and the river elsewhere wa>- 
be that, in Kansas, a perennia] flow waa mainteined by 
ground water. Additional tMtiin<»yf confirming that 
the Cimarron Ruer was a narrow, meanderinpr peren- 
nial stream at the turn of the century, was presented by 
McLaughlin <1M7). 

Information on the width of the Cimarron River is 
available as a result of the survey of 1874. Tlie data 
were compiled by Mclaughlin (1947), and data for 120 
eroM noftiona are presented in table 1. Thirty-five of 
the 155 sertions oripiniilly lisfoi] by Mol.nnjrhliti were 
not remeasured ; I herefore^ the mean values for channel 
widths by eounties as pcesented in table 1 will difller 
slightly from those presented by IfeLangblin (1M7). 



Tabu l.^^»kmiMl vtUtk. *» fm, a/ ih» 

(ChaniMl vldth: IR74 uhI IffiW. 'lid tnm Mi 
photofrsplM, wal* 1:Z«,3K) imo. Jata ' 
a cquib DaaiiMi ol Mctiooi niMnintl) 



(WiQ; im. dMa few MMd 



1:( 







H - 


UT4 


1«M 


1 ■ ■ - 
lOM 1 IMS 



We« Ibiv Mc It.„. ....„ 

Weal Um M«. M..„ 

WailUi*«>:.2l 

Wmi ttaw m. Zt 

North tlnr wo. ZL 

W«K Um mw. 14 

IMMmwc. 14 

T. Si «, i». 4t W. 

W«« line ne. 7.„ 

RiM Hne aw. 7 

Kait Hoe sec 6 

But Dm aee. 4 

NorUi IkM we. I. 



M 


2,«00 


i.on 


a 


1,000 


1,030 




3.30Q 


l,MO 


« 


2.800 


;oo 




3.100 


1.300 




i.aoo 


I.OOO 


M 


2.100 


l.»0 


i» 


i.m 


1 

800 , 


m 




I.OOO 


s» 


1.400 


AW 


4« 


2. wo 


400 , 


n 


I.IM 





i:SS 

i.ao» 
m 



wo 

.100 

luo 

400 



uHdih. in feel, of the 
Kant. — Continued 



section 



rhanncl width 



UH 



13 Wr5f llrii' wc. ».% . 

14 •■.■(.ri:i llrii' M<c. 3». 

15 I Kjwi tiae MV. at... 



W»»l Un«>n: 'it... 
WmI llDOWC. 38... 
Kant IkiKanr, «. . . 
South Uol- hc. 23 . . 
Wcet Uat aec. 33. . . 
Wert Uoc acc. 34... 
.\K eoToa MC. 24. 



T. $$ s., R. ta n: 



r.mu line MC. U. 

SoutbUBaii«.t... 

WMItea*.*.... 

SW«nrM«.l.„ 

NR«nMriae.l_. 



NB«nMriN.«lu..^. 

r.j*a:,R« w. 

M. iin. <«c.30..„. ...„„.., 

Kiwt Une MC. 30 ...„.■„ 

EaWII<wiM.n. .. 



Awiit ar M«t«a CwMir 



46 


3.300 


1 


NVi 


4« 


800 






4« 


800 


630 


*» 


66 


'J, iHI 




330 


« 




.'liKI 


l.lOO 


46 


1. ten 


I, 


1 ano 


«« 


1 . "(Xl 


MHI 




M 


ri tri 


H,VI 


1 ll.'iH 


ea 


Z4O0 


LOW 


1,100 




a, HO 


l.AM 





2.900 
Z400 

2,«0 



l.lOO 



2.600 
1.300 
1.40O 



T.s*s.,a.mw, 



W«t Hneaec. 27....... 

West Uneuic. 

.North Uoe tec. 26..„., 

N S ouraet leo. IL,..., 

NcitkllM 666.11. 

1lMI66.11. 



Nartbl 



7- II s.,tt.mw. 



SW LHjrniT sec. liO......... 

MtinT lec. 21 

N'Vth 11 II- *c. 31 ...... 

\V(fl! Iin,. f,^. I* 

S F- v-nfTi'T vi\ ] 



Anne* lor 8t«T«a> Couatj (a«illK 



3a 


3, ym 


TOO 


1.100 


4« 


:', 'rti 


«0 


800 


4« 


2. V*\ 


I.MJO 


800 


3« 


1,»0 


660 


806 


33 


1,300 


TOO 


>.m 


40 


700 


MO 


800 


4« 




liO 


ono 


40 


I. Till 




♦<»:■ 


4S 


I IX»J 






40 


1.100 




100 


46 


BOO 


300 


too 


«8 


l.flW 


6H 


m 



Wnrt Hn.- vc 3? . 
W«ll ll.ni- uv 33 . 
W«t :iiic 34 

South llui-MT a> 
W«l lJuL- to'. 2? 

.Vorth Um- MX. a. 
WMtHneaw.SA... 
Ronilb Uoe wc. 36.. 
South UoeMc. 33.. 
Wa8tlM8W.M. 



N6ftll Sm 66e> Mk.MM*.» M • 

r. JB.9,. R.MW. 

Wtttllmae&Zl 

Wot Uuna, Z3_ 



WiMt Hh no. 3S 

r.oa.. j».«n'. 



We«MiMaae.M„„.... 

South Uoe tee. V....... 

8W' COTDer SM. B.„„.. 
North UiMise.M 

Wi«t|Mai6bS 



A«cnt»ar 



jr. 





250 


290 


40 




IW 


ISO 


«l 


W> 


360 


w> 


40 


MM 


1«0 


ISO 


SO 


800 


ISO 


ISO 


66 


800 


130 


ISO 


113 


800 


100 


100 


98 


too 


100 


IM 


a» 


500 


100 


100 


«6 


WO 


300 




«s 


no 


190 


M 


e« 


300 


300 


300 


6* 


aoo 


400 


AM 


« 


no 


ISO 


IB* 




I.XK) 


ISO 


l.W 


» 


LMO 


630 


660 


IT 


1,100 


100 


100 


n 


7W 


100 


100 




MO 


100 


u» 






IW 


m 



Digitized by Google 



74 



wmoam iom mnaaanAtuaii m a mbmiabip tatmunmEm 



Tamm 


L— ^riMNiiMl Mdth. in feet, of (to Otm 
Kaiu. — Coatiaued 










Cbraoel widtb 






UN 1 nm 


ISM 


iMO 



iriilth, m fri't. of the 
Kant. — C'notinued 



llaalwU OMatf 



r.»A. R.M IK. 

North line wc. 30. ...... 

Bad Iljw *M. n 

Svoth line m. » 

EaM Itm m. » 

• MC Ow. ............. 

krBlMMOMMr (•-«>. 



S3 






100 






aoo 


300 




too 


300 


xo 


M 


«00 


«M) 


000 


n 


300 


300 




n 


480 


2S0 


at 



N'.TTtl . Iln* trc. » 

Vorllillmiisrc. 21.... 
Ncvtb Ibir MC 38... 

W»l Une »ec. 37 

Ncrlh Unr Me. 34 

We* lUM Me. 34. 



r.M s. it«iir. 



West Une tec. t , 

North Un» MC. 7.... 
North Hue aec. 13... 
Vi'm Um «w. 17 ... 
NVirl !i llH': «• I! "A) .. 
Wi.sr iiii.- ;i .. 
\^ir1-i llni" vr 'J* 
Wi-^l linr "■<■ LT? -.. 
\iir1h lini' s.'i' 3< ,-.. 
WftdHwirc. 3» 
Wirt ■«•«•■. IIl..- 



Kn 
Ha 



W(,l In. 
Nnrth llll.- I.V, 7 
Niirth Uni- w: l-l 
ikjutll Jlra' s<^t■. Ih 
EmI II» nee. ID. . 
aouih IbM aec. 21 
Wat Une mc. 3T . 
W«t line «er. 30 
We»t line sec. 25. 
NorUl Dims ncr, 9* 
BwllkNMC.3«.. 



r « .H,. B. M w. 

»-v (1 



r. 11 If. 



r.i4 n^. 



wtititMi«e.«... 

Watt IIMMA, »..-...., 

Nartk IWDdb U 

Wt>t BMtMi. H 

NortklUwtOO^B 

SBcRuriM. ]»...... 



as 

33 
30 
M 
132 
4> 
M 



33 ' 



300 

1.400 
l.OOO 
1.000 
I.IW 



1,100 

1,000 
1,000 

too 

1.100 

m 

1.000 
1,300 

too 

j 

UK 
7D0 

i.no 

1.410 
370 I 
700 

Lino 
3tO 

I.no 



1.130 

sm 

3» 

1,330 
070 

aao 

S70 



■SO 
I. n<"<i 

400 
TOO 
MO 



too 



3«0 
ir.li 
too 

300 
ISO 
400 
400 

an 
«oo 

lOD 



30O 

sso 

1.300 
300 
300 
300 
300 
700 
100 
IM 
100 



400 
300 
»0 
3U 
KO 
300 
30O 
900 



1 ^ifl 
1 411(1 

400 

700 
MO 



IKKI 

1X1 

im 

400 

300 
ISO 

4nc 

.VK' 
M) 



300 
300 

1.3m 

300 
400 
300 
400 
MO 
lOO 
ISO 



WO 

4n] 

2&U 
«io 
400 
300 
300 



107 



lU 

III 

113 
113 
114 
11« 



r. Si s.. R. so w 

South Hne tc«. so 

8imililiMiw.n 

T.t$a„ti.»fw 

tn.t 

jeMC. i 

SotiUi tine mt. • ........... 

KmI line MC. 1« 

F-wl llm sec. li 

Ejvi Unr SX-. 14... 

Bit4HW3(e.U.... 



330 



33 


l.OM 


300 


aoD 


70 


470 


400 


300 


40 


LOO 


300 


300 


« 


1.410 


300 


300 


n 


(30 


330 


».w 


33 


1.230 


3UB 


Mill 


33 


Kin 


TOO 


7mi 


M 


1.000 


1,400 


1.400 


132 


l.«W 


xm 





Section 


IomHw 


Chwiin«) width 


1874 


i«a» 


I 

ig»4 1 i«ao 


HmU« CoutT — C«Ptt»o»il 


116 
117 

in 

15 




m 
» 

KM 

in 


1,100 
1.300 

1.000 

i.m 


1.330 

tm 

(30 

730 
1.0(0 


1.300 
30> 
«W 

m 




nnwowldtlihr nDwrtlDm 


« 

n 


1.090 

i.an 







In 1874 the river averaged 50 feet in width through 
the 6 oonnties of Mnthwestem Ksnsu; however the 

cliiimit'l niiipci! in \vi(ltli from 10 to ■'^04 foft (fable 1) . 
Some of tlie variation in width is due to the fact that 
meaauTement of channel width was made along section 
lines whicli wen. nut noimal to the channel. Neverthe- 
leee, the channel of the river in Kansas between 1874 
and 1914 was narrow and probably rektively stable. 
Tlu> fliMid phiin w"is rrniss*Hl iiiul fitTordeil cxi'dlent izrw/.- 
mg. Wild bay iiiul alfalfa were cut and stacked on the 
flowl plain dnrin^ tbew early days (fig. 49/1). The 
roiiirast Mwt>oii t]ii.' river iit tli^u tiliM and during Um 
following 4ft yi'iir< i> n 'nui kulilc. 

CIMARRON KIVEB, 1014-43 

Beghiniiig in l'.i]4 nnd continuing intermittently un- 
til 1942, the flianiiel of the Cimarron River wnUiitd, 
until almost all the flood plain was destroy «<i. The 
cliannel widening licgan, according to the itwliinony of 
residents of the Cimarron valley, daring the major 
flood of M;iy 101 {. Thl.>- flood is the greatest of record, 
having an esliniult'd gage height of 13 feet near Mo- 
cane, Okla. (fig. 42) ; peak discharge is estimated to 
have been 120^ cis (cobic feet per secatid). (See 
table 2.) 

During the 1874 .sui-A'ey, the channel north of Elkhart 
was CO feet wide ( fig. 42 ) . Only minor changes in width 
occurred between 1874 and 1914; however, in 1916 a 
bridfrt' t>44 feet long was required to span the channel, 
and in lOJW tlie channel at the bridge was about 1,4<)0 
feet wide (MoI>»uglilin. H)47, p. 82). The data pre- 
Wlted on table 1 show tliat the average channel widen* 
ing dui'ing the jieriod lf)14-39 was 1,150 feet. 

iMthough no aerial photographs are available to doc- 
ument cliannel cliaiiges between 19.39 and 1954, other 
data indicate that the channel continued to widen 
through 191A. For example, a major flood near lib- 
eral, Kans., occurred in 1942 with a peak discharge 
of 6»,000 cfs. This flood originated in the headwaters 
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FIGITKB 43. — Clnwrron RIvrr In iwiilhwnitrrn Kan»aii A, Vflllrj' ot Clmiirrnn RIvpr In untithmiitrrn Mradr County. Kan*., prior to the 
flood nf 101-1. rbntaerniib Inkm br W, I), .'obniuin In thr IHOO'ii. A. t'lmurmii Klvrr ul i>ld l!lj;bwii.v 370 brldEr iKirfh nf HiiRntiiii. 
Kans. (cm«g wctlon 2. Bg. 42). In 194.1. Cliiinnvl van about Ti<() fert wldr. Arrow Indlrntn position of windmill. Pfaotosrnpb 
takrn by T. 0. Mcl..anBlilln. (', Valley of Clmiirrnn KIrcr lit uld HlKhway 2TU bridirr In llltll). Arrow lndlr«ir<> juiKltlon of wludnilll 
kIimwu III /(- Trwii In forrk'rnund an- i-rowlni; In iilMiniluui'd rhiiiiiK l »lii>nn nt rlitlil ••nd iif i>riirtli> fl B' (Hi:. (Ti. l'r<-B«-m i-liiiiiii<-l 
la b^i-ond tre«« In backKTOund. D, Channvl ot Ctmarron RIvrr at old Hlfhway 270 bridiic In 1960. CbaDoel la 110 f«et widr. 
Cnntfiarr vtiannri abovn In thia rlvw with rhannel In IMS nhown In B. 



e»o-i5o o — as 2 



Digitized by Google 



76 



BIOBIOBr AND SEDIMENTATION IN A BPgABID lllVIBOMiaiNT 



area (peak discharge 80,000 cfs near Boise City, Okla.) 
and destroyed many Inndges as it moTcd through the 
Cimarron River valley in Kansas. At the close of 1M2 
the river was at its maximum width|for the flood plain 
was oompletoly destroyed at some keations. Good evi- 
<hnoe for complete deBtmetlon of th« flood plain iwrth 
of Hugoton, Kans. (fig. 4-2). is ]>ro\ iiI( d by a photo- 
graph taken of the channel in 1&43 ( (i|{. 43^ ) . At that 
time the entire valley floor was river channel. Th« 
present channel is only 110 feet wide and is located 
at the north edge of what was the VH2 channel ( ftp. 
4Sff). The trees in the foregmund of figure 48/^ began 
their growth nt the south edge of the channel in 1943, as 
indicated by tree-ring counts. The survival of these 
tieec is proof that the channel was naver agtin s« wide 
as it was after the 1948 flood 

ODEUOWV mXVEB, lMa-54 

After the flood of 1012, n rcvci-sal of river m tivity 
occurred. Cross sections, when remeasured on aerial 
photographs talien in 1954, showed that the channel had 
become narrower (table 1). Tin- riinrtnv int: was .u - 
complished by flood-plain construction and, to ii minor 
extent, hy island formation. The channel width, «i 
measured on the lf^54 photographs hnd decreased to an 
average of 550 feet ( fig. ^C, 43Z>, B). 

In 19 years the river had repaired sliout half the 

(liunnpi* caused by widening during the period 1914-42. 
Great variability occurs among the data. At some cmea 
asetiona the river narrowed to one^flfth or less of its 
former iiiaximum width (table 1, i5ection8 11, IB, 17, 
81, 33, 47, 48, 51, 57, 50, 60, 61, 62, and 81), wherea.s at 
other cross sections the river width did not change 
(tabic 1, sections 54 and 66) or continued to widen (ta* 
ble 1, sections 1 !. ..5. R.'v. ftR. 114. 115. 116, and 120). 

CIMABSON BIVEB. Id&&-d0 

New aerial photographs, which became available dnr- 
IBg preparation of tliis report, allowed measurements 
to he made of 1960 channel widths. The measaxeroeots 
wen made on photoindez sheets and axe less aeeurate 
than those made fnm contact prints of the 19M photo- 
graphs. The measaremants show, howetver^ that the 
period 19S4-60 was not a continuation of tfie period 
1W.V54. Of 120 sections remeasuitxl, only 10 showed 
continued narrowing of more than 50 feet (Table 1, sec- 
tions 18, 27, 34, 38, 66, 88, 98, 108, 117, and 118) ; 70 
sections were at about the same width ; and of the re- 
maining 40 sections, 88 showed renewed widening of 
more than SO flset, whereas sections AS and 88 have eon- 

timied to widen since the first survev in 1874. Tlie [>e- 
riod may be characterized as one of relative stability 
with some tendsnnqr toward widening of the diaimd. 



Tlie major chang&s in width of the Cimarron River 
during the 46-year period 1914-60 can be grouped into 
8 distinct periods : the period 1914-tt ol dMimel widen- 
ing and <1o<id-pltiin destruction (figs. 43 and 44) ; the 
period 1943-54 of channel narrowing and flood-plain 
oonstmetion ; and the period 19B5-<tO<^ relatively minor 
changes f figs. 43 and 44 ) . 

The channel widening along the Cimarron River may 
be nlated to arroyo cutting, which has been pivavalent 
throughout the Southwest since the latter part of the 
19th centuiy. However, there are two major differ- 
ences between arroyo cutting and the channel changes 
along the Cimarron River. One is the nature of the 
change, widening instead of predominant deepening. 
Hm other is a trend towaid nfiid natnnl tHrtoratwn 
of the val^ to ItB ionnar eondiliaii. 

FACTORS INFLUENCING GHUmON RIVEB CHANNEL 
CHANGES 

The causes of natnial phsnomana of the type dis- 

ft!«wd in (lii? paper fire penemlly complex and varied. 
Ni'venlieless. all available information will l>e. consid- 
ered it I iui attempt to explain the cau«> of destruction 
and rebuilding oi the Cimarron Bivar flood plain. 

McLaughlin fl947), after an analysis of information 
on number of Jiead of livestock and acres of cultivatoil 
land in southwestern mnnnan, suggested that ''act-eler 
atcnl erosion in the Cimarron valley is believed to be the 
result of overcultivation of land and the subsequent 
abandonment of thousands of farms, leaving large area.s 
with lessened resistance to run-off." Unfortunately, 
there is little information on runoff for the period of 
channel widening. McLaughlin's data, when brouj^ht 
up to date (fig. 45), indicated that the period of flood- 
plain constniction occurred during a period of umjor 
agricultural activity, 1941-.')0. This peak of agrkn)]- 
tural activity probably began with tba demand for more 
agricultural prodnets during the war. The period 
1941-riO was also a time of above average annual pre- 
cipitation (fig. 46), a further stimulus to agrieultanl 
activity din-ing I bene years. This coincidence of flood- 
plain constructioti and agi-icultunil activity would seem 
to support McLaughlin's hypothesis; however, a shorter 
)>er!o(il of major ugricnltnral aetirity also occurred be- 
lwe<>n the years l'J2'.>-33 (fig. 45) during the period of 
channel widening. On the basis of these cooflicting 
data, it is dtlBcnIt to evaluate the efl'ects of a^tricul- 
tuml activity on the Ciniarron River. 

MelAUghlin ( 1947 ) also concluded that, because there 
was no major change in number of head of liveatodc, 
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grazing was not an important factor determuiing chan- 
nel changes. Data on number of livestock in south- 
western Kansas are presented on figure 45. Livestock 
density was greatest during the period of channel nar- 
rowing 1&42-48. The activities of man and animals in 
the Cimarron River basin undoubtedly had (heir effects 
on the regime of the river, but any relation between 
cultivation, grazing, and channel change is obscure. 



FLOODS 

The period of greatest channel widening began in 
1914 and ceased in 1&42. Unfortunately, adequate 
streamflow data are not available during tlie period of 
channel widening to establish a definite trend, but the 
record presented in table 2 shows that large floods 
occurred in 1936, 1938, 1941, and 1942. Furthermore, 
according to C. O. Bryant (written conuuunication), 





FioctB 44. — ClmarroB Rlvvr In wattiwc^tcni K«nus. A, Rock lalind Railroad bri<l«» near Arkalon In IMS. Cluimel was 

about 450 fiTt widp nt point from wlilrb photojrniph wan tiik^n. rhotnfrnph taken by T. O Mrl^nrblln. B, Rock 
IslaDd Kallroad brldjcv Dear Arkalon In 1940. Cbanurl U about 150 fret wide. Ooocn-le bridge >U|>purt oa left of tbia 
pholocrapb comipooda to center aapport sbono In A. C, Pre-lVI4 alluvlam ezpoaed In catbaok near Blsbway M 
cm««]ng. At ba«e of cut Is conrM crowbtddrd aalKl. Above »and Is 3,3 feet of dark-<:olorc<t boirogeiicouB cobenlve prr- 
1B14 alluvium. Overlylpg tii« pr*-lB14 alluvium Ik S fml of altarnat* lajrcn of aand and mud dcpoalted from overbank 
floods. 
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the Chicago, Hock Island and Pacific Railroad bridge 
near auction 5 (fig. 42) had undergone extensive flood 
damage in June 1923, October in.'JO, and Juno 1937. 
This |>eriod, Ihorefore, was one of destructive floods. 

The period of flood-plain construction, 1943-64, mM 
characterized by floods of low to moderate discharge. 
Only two large floods occurred after 15)42 — in May 1951 
■od July li)58 (table 2). The May 1951 flood 
approached the 1942 flood iu peak discharge, but ac- 
cording to Mcljaughlin (oral communication), most of 
the flood wafers entered the Cimarron IJivcr fi"om North 
Fork Cimarron Biver in 80uUiea8t«m Grant County 
(fig. 42). This flood did not. widen the e1uinn«I ap- 
preciably because extensive channel narrowing occurred 
during the period 1943-54 ahwg the Cimarron Biver 
below its oonflnenoe with the North Fork Cimuron 
River. The 19U flood may have caused minor ehooml 



widening, but it obviously did not have the effect of 
pre-1942 floods, for the period 1955-60 was characleriaed 
by stability or only minor cluumel widening. There- 
fore, although major floods caused serious flood-plain 
dBrtraotian hetween 1914 and 19^, the poet-IMS floods 
wera not important in tlue nqpeet. 

.Vlthough discharge records are incomplete, data on 
precipitation have been collected for lon^' ixriods at 
.sevei-al weatherstations in the Cimanon River drain- 
age basin. Precipitation data were compiled for four 
stations (Richfield, Hugoton, Ulysses, and Liberal, 
Kans.) since 1910. The ivcoi-d.= at each station show 
virtually the same trends during the period 101i>-59, 
and they were combined to give an average for precipi- 
tation in the Cimanon River bann in Kanaaa (fig. 46). 
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Table 2.— Peak 4Uehurge of the Cunorron River. tovtktDetlem 
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The dfitft show four pfriods of <;itrnifi'*nnr(» : (1 ) 101.>- 
a period of great annvial variabiiity— years of pre- 
cipitation in exoMBof tlie normal scpsnted by years of 
droufrht; (2) 1931-40, a period of prpat precipitation 
deficiency; (3) 1941-51, a period of ulH)\«>-average pre- 
cipitation; and (4) 1952-59, a peri(Kl of l>elow average 
precipitation. It is ^-ifinifu ant that channel widening 
occurred during periods 1 and -j: of vai-iable or deficient 
tttinfall, whereas channel nan-owing oocnrxed during 
period 8 of exoeas precipitation. 



Thp flood plain and hnnk.s of thf river wore vegetated 
prior to 1914 (tig. 43/1 ). The grassed flood plain was 
relatiTely stable; however, if bank veftttotion was de- 

.sTiT)ypd hy the 1I>H flood, snliscqiifnt flo<id.s of lower 
peak discliai^ could have continued tlie destruction of 
th« ik)od plain. Except for the S-jwar period 1917-21, 
the great variahility of preripitnf ion during the period 
1914-30 probably was unf avoruliie for the establishment 
of new Tefretation in the channel or on the hanks, and 
tJie peririd of prolonged drought 193(> 10 certainly 
cliecked the growth of any new vegetation, which 
might have hindered the further widening of Ae chan- 
nel. During the f>-j*ear period of iilwo n^-erage pre- 
4upit&tion after lt^l-2, only floodii of low peak dibchargQ 



oocuired. After 9 years of above-average precipitation, 
the major flood of 1951 had only minor ctfeets on the 

channel, for nineh of the 1042 cluuinel had l>een stjiKil- 
ized by perennial vegetation and converted to flood 
plain (flg. 48t?) . The establishment of perennial y^g- 
etation was ii preiu aid to flo<xl-plaiii fonnation. Tlie 
growth of new vegetation and the resulting flood-plain 
oonatruetion were elearly dependent on the dimatie and 

runoff cli.nnicteristrrs for the periwl after 1042. 

The period 1954-60 affords au opportunity to check 
the above tbeoiy of flood-f^in lonutJon, for it was a 
period of overall rainfall deficiency during which a 
large flood occurred. These conditi<»i8, aeoording to the 
previous conclusions, should promote channel widening 
or at least prevent continoed narrowing. The re<'ords 
(table 1") i\^veal that some widening did occur. The 
widening was not great^ apparently because of the 
change in flood'plun vegetation smoe 1914 — trout grass 

to trees, p™s.s mid weeds. Tlie trees tlial bonier the 
channel offer considerable pFotecti<»i to the banks, and 
ehaanel widening may be less easily acflompHsbsd under 
these conditions. 

SUMMABY 

The period of channel widening was chanM^rized by 
below-average precipitation and by "floods ot high peak 

discharpe, wherea.s the period of flood- plain coiistnic- 
tion was characterized by above-average precipitation 
and floods of low ptak diseharge. Hie influence of 
these condition.s on vegetationul growth is the key to the 
behavior of Cimarron River. Wet years and low water 
allow a Tigonnis growth of perennial vegetation, which 
stablized the existing deposits and promoted additional 
deposition. The stabilization of the new flood plain by 
vegetation was so elective that the floods of 1951 and 
1968 did not cawe greet chaqgw in the vdlsj. 

MECHAMC.s OF CHANNEL WIDENING AMD 

FLOOD-PL.\rN CONSTRUCTION 

The Cimarron River affords an exceptional example 
of recent channel and flood-plain modification. Hiesl- 

most complete destmction of the flood plain makes a 
discussion of the manner of widening hypothetical; 
however, information from other souross and cotDpar. 
i.son of Cimarron River characteristics with those of 
other streams permit some conclusions to be drawn with 
regard to tiie manner of channel widening. A compar- 
ison of the aerial photographs taken in 1939, 19.'54 and 
1960, information obtained by surveying five cross sec- 
tions (fig. 42), and examination of flood -plain stratig- 
raphy put a discoflsion of the flood-plain oonatnwtioB 
on a firmer basis. 
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CHANNEL WIDENING 

pre-1914 Ciinarron River iiieaiulerod arross a 
gras!i»'il flood plain. On the basis of old photo^rrnphs, 
the channel was determined in some iwulities to be as 
mudi as 7 leet deep. After the 1914 flood, (lie rl\ttnnel 
widened 450 to 600 feet (McLaujjhIin, 1947). The 
major flwxl apparently first destroyed the meander pat- 
tern; the point bars were eroded, and the valley was in 
effect gutted. When the meander belt was destroyed. 



the protective bank vegetation and finer sediments m 
removed ; the flood-plain sediments beneath the gnaat 

s\ii f:ic(> wen' thon <'X|nis-(><l. The [itv-1314 flcxHl-plsl 
sediiiieiiti^ are exposed at several localities along tk 
riTer (fig.44C). In » sand pit on th» north bank of 4 
river at the Highway 56 crofldng (fig. 42), 40 feet ^ 
alluvium is exposed. Thirty-five feet of the expos* 
is composed of cross-bedded p-avel and coarse sum 
Over diis lies a dark-coloted fine-grained (mcdi* 
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grain pizo is 0.025 mm) zone that chows the rohimnar 
structure of a soil. The structure and dark color of 
this nutMrial mggist that it fonned tliA raifam of die 
pn?-lf>14 flood plain. Overlj'inp this ulhivium is from 
1 to 2 feet of fine sand and silt on which the present 
flood-plain vegetation grows. Wheve erpoeed tlie pre- 
1914 alluvium shows no slratifiration jird npponrs 
homogeneous except for the presence of scattered peb- 
bles. TheallQTinmisdBDnndoolMd^atleMtwlien 
dry, and may have offend considwable Teostsaoe to 
flood-plain destruction. 

At pw sM P t a patt of the pt«-lVl4 flood plain, whieih 
esrapod ilestniri-ion, is bein^ erodnd nt the county road 
crossing north of Keyes, Okla. The bank on the north 
side of tlie river here averages 7 feet in beiglkt. The 
upper 1 to fept of the !);uik is composed of sand, 
which overlies 3 feet of pre- i U H all uvium. Beneath the 
tiVe-1914 alluTium, the rroas-bedded diannel sands are 
exposed nt the hase of the hank. The chanrel sanH? nre 
bpinp enxied from beneath the cohesive pre- 1814 allu- 
viiini, < uusm^ .slumping of the bank into the channel. 
Wideiiitiji of the cliaiinel is oocurring now, nnd it prob- 
ably occurre<] in the past bjr bank caving that was 
caused by the removal of sand from liBDeath the oo- 
heaive pre'1914 flood-plain sedimnt. 

The gradient of the chiumel, as it wa-s converted from 
a meandering to a straight channel, naat have steep- 
ened appreciably. The gradient steeponed fiwm some- 
what less than tlie fmi'lieiit of the valley to a value 
probably cloeely a[)proaching that of the valley itself. 
McLaughlin (1947) conelnded tltat some degradation 
<_ROurre<l during' and after the 1014 flood. This con- 
clusion is based on the formation of tributary gullies 
along the widened channel and on the reappearance of 

streuinflow near the Tli^hwuy Tifi rni.^siiij.'', about 1 inilf 
farther upstream in 1943 titan prior to 11)14. Gully 
formation, however, can be explained by the iAorten- 
iiiij of (rihutarv streain courses hy channel widening, 
which would induce erosion in the tributary valleys. 
In addition, part of the npatream migrat ion of the head 
of the perennial reflch near Sat ant a in lf)43 may be 
explained by a rise in the water table after the floods 
of 1941 and 1M2. Observation wells in the valley al- 

luvimn show a rise of wafer on the onler <>{ :] feel after 
1840. Initial cliaiincl widening and meander pattern 
destruction probably were aseoeiatad with some deg- 
radation; but with i onlimied bank erosion, the large 
amounts of bank sediments added to the channel for 
ti«iM|iort must have prevented further dMfianing and 
prdMiUy caused some aggndatioD of the channel. 



Evidence i.<; available to show that dnrinp the latter 
part of the period of channel widening and during the 
period of flood-plain eonstrnction the altitude of the 
channel floor has not changed appreciably. Data of 
mnximiini channel depth, meaimred from the crown of 
the roadbed at the time of bridge constructifm and 
nsrain In 1960, are presented in table 3, The data show 
tltat clianges iti altitude of the channel are small. A 
chanpe frroater than 1 foot occurred at only one of the 
six hridircs. Thes»> data stipport the hypothesis that 
degratlalioii ami aggradation may liavp occurred only 
locally after the 19H AoihI: for d\iring tlie jHTiotl of 
flood-plain construction and chaiuiel narrowiTifr there 
has been no consistent change in level along tlie Cim- 
arron River. Similarly, Coldwell's ( IK.*^") observa- 
tions on the AVashita River showed that the river has 
widened its channel from 100 to loO feet in 1939 to 
200 to S0O feet in lO.H with no change in the altitods 
of the channel at the Pauls Valley gaging station. 

Tails CJkm#M in chanm t .t.^ith ftehoem dale «/ MV* 

[Dnin (nr d itr .-,( hiri.lj-f' fi.iijetruclUiti mvi ■■'.'.!lm<x frrjin crawn ol rood to dftpMt pwl 
orchnniwl «t dal« »( oooslriictlaii from State Bltbwajr CommlHiOB of ITlllWMll 
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Favorable conditions— namely, abovv-average pre- 
cipitation and floods of low to moderate peak dis- 
charge — permitted the Cimarron flood plain to b^in to 
re-form after the 19^ flood. Undoubtedly, the fut 

that the channel was wide enough to occupy almost the 
entire area of the former flood plain was important. 

The now flood plain was built almost entirely by a 
vertical accretion of sediments, which occurred in two 
wajs a* follows: (1) By island formation in the chan- 
nd and subsequent attariiment of the island to one bank 
by channel abandnnmejit and (2) by deposition on and 
building up of areas not occupied by the low water 
cliannel. Each process will be discussed in some detail. 

MMLAXD WttmUATtOm 

In the widening dumnd, sand bats and dunes lonnsd. 
Bans tlut formed during the droaigtA jsars bad littlo 
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chanro of berominff peiiimnent fentiiree: however, dur- 
ing yenr!i of averiifje or excess prt'< i luxation, the growth 
of v«gBtation oil the hi^rher parts of the diannd and 
on bars wns the first pha^^ of f1iM><l-plain construction. 
Vegetation converted tl»e bars to pemanent features of 
the channel. 



Wlien the duinnel was wide and dry, the movement of 
sand by wind was common. The migrating sand col- 
lected in vi-^'i iai io!i alonp the [lerimeter of islands and 
built natui-:il Icvtcs of wind-lilown •-mid. Ouo of ilicse 
levee dunes occurs at section 1 and is .shown on cross 
Section A-A' (Bfj. 4T) at 950 feel. Oiire an island be- 
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came established in the channel, it would be perpetuated 
by deposition from sul^qucnt floods and by the ac- 
cumulation of aeolian sand deposits. 

The formation of an island narrows the channel, but 
the presence of the island itself causes further narrow- 
ing. Depending on the orientation of the island in the 
channel, one or the other of the channels surround- 
ing the island will be aggraded and abandoned (fig. 




48^). For example, an island will rarely be situated 
so as to divide the water flow equally around the island. 
Generally, one channel will carry a larger di.scharge 
than the other. When this situation occni-s, the chan- 
nel carrying the lesser discharge is a branch channel. 
Laboratoiy experiments reveal that at a stream fork 
the channel which carries (he smaller di.scharge has the 
highest concentration of bedload (Linder, 1952). In 




Fir.riK rinmrron River In iionthw«««Tn Knnna. .4. AlMiMloDed brnnch rhuiorl nmr Stat* Hlcbway 61 rrowlns north 
of Rnll«, Knnii., In \nm. «n iiiTliil pbntnrrnphii fhU rhaniM4 rontaln»d no rrKirUllaa. B, On»-jrear-ol«| mit n^diir 

aapllnga K<m«lni( on mud-venwrni part of channel nhown m nurlli i.lil«' nf imilllH I r. irtc 17 «. Mslit iMil.ir» J Bail- 
ment is arollan annd. I', Mud layrnt In nood-plain alluvluut near bridge north of Mowow, Kan«. Thin dIaconllnavUH 
mod layer Jaiit nbove thicker r»ntiniH>ui> layer In upper piirt ot phnfuitriiph l» ii|i|MTni<Mi( mud layer vhown on llBtirr ,'>! 
D, Partly burled iiutomublle frame near country mad brldgcn north of Mtiwuw. Kana. Tbia f rnne la one n( n Rroup Inalalled 
to aid bank >ialilll«itl<in. Tree* Krnwlnjt lo rear of frame lire iitMiiit IS yearn ol<i. 
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perennial stmims tliis relfitionship nriay not be inipor- 
tnnt, but in ephemeral streams deposition is important 
as the flood waters wane. The branch channel would 
thus be aggraded until it could carry only a nunor per- 
centage of the total discharge, and it would soon be 
abandoned. The cross sections in figure 47 show aban- 
doned branch chnnneU and islands. 

The island formation and altacluuent nietiiod of 
ilood-plaiu formation ]e88 important than it api)earerl 
inituny, for many islands that occupy the channel of 
Cimarron River at present were not formed in the 
channel but were fashioned by the detacliment of por- 
tions of flood plain by channel changes. Tlie island 
theory was first proposed to e.\p]ain flood-plain fomiFi- 
tion and channel chan^ioB along the Red River during 
the TezM^klahomft boimdair oontroTsi^ (Glenn, 
1925). 

DUUSCT VIiOOU-FLukIM COMHTBCOIXOM 

If, when the river was at its greatest width in 1943. 
a Ibw-wnter channel mcandeivd ncross the grfatly 
widened sandy high -water channel, then a flood plain 
may hAve been already partially formed. Cross section 
A-A' of figure 47 shows the low-water channel occupy- 
ing the center ol ft much wider sandy channeL Daring 
the survey, water filled the lonr-water channel. The sur- 
face to the left (north) of the low>water channel had 
been flooded recently and t veneer of mud had been 
deposited on this surface to a depth of one-half inch. 
This locality was revisited in the spring of 1961, and the 
surface was found to be supporting a new growth of 
salt cedar ( fig. 48^) . The preeence of these plants wilt 
aid further deposition at this site. Apparently, during 
yean of above avernge precipitation and low flow, the 
aarface adjaoant to a low-water channel beoomes vege- 
tatcd. It is then niis(>d by cIcjiDsfitioil from flO'lTS that 
overtopped the low- water channel. 
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Fiptire 40 illnstnUf-^ liow tlu» flows of different height 
affect the channel. I.^\v flows are confined to the low- 
water clmnncl and play no part in flood-plain for- 
tuHtion, e.xcept as they afford a sooroe of moisture for 
bunk vegetation. Moderate flows escape the low-water 
channel and deposit sediment on the incipient flood 
plain, as on tiie north side of profile A-A* (fig. 47). 
High flows tend either to destroy or to build up the 
incipient flood plain, dependini; on \egetational cover. 

Hecause the high flows tend to be destructive during: 
the initial phase of flood-plain construction, the first 
patches of pennnnent flood-plain appear on those parts 
of the valley floor protected from the full force of 
floods. For example, aerial photographs show that ini- 
tial flood-plain formation occiin-ed in sheltered parts 
of the valley, at the month of tribtitflries, and in the 
lee of islands (fig. 5<)). The formation of the initial 
areas of flood plain naturally shielded other parts of 
the valley floor, which in turn became v^etated and 
aggraded, f The coalescence of these newly formed flood- 
pin in patches formed the existing flood plain. Each 
succeding flood dejMwited sefliiMt'iit on these nrea-s which 
were gradtially built up to a level several feet above the 
present ehannel. 

FIXWD-FLAIW STRATIGRAPHY 

If the foregoing outline of flood-plain fmaiutioii 
along the Cimarron River is correct, stratigrapliic evi- 
dence in the banks of the channel sliould confirm il. 
Cross section A-A' of figjire 47 shows the pi^esent low- 
water channel. Tlie banks of the low-wat«r ehannel are 
composed of channel sand. If these banks were built 
higher by overbank deposition, then each flood should 
have left a deposit of sand and silt as the flood waters 
receded from the higher surface. Depending on the 
Bsdimmt load carried by the water and the ability of 




Fl«i lit ^0 rh.ir.iiH nr>\-.- I.i •. i riihli- for flond-pUln tormatlon. 1. rrr»t 
«f vallrjr mcaodor : 2, Lro of vallejr bcod : 8, H*uUl of tflbtlta^ ; 

4, IilMrf: a. IM at hum <«»M«HNd ahMMl) : «. BaiDiM alMvc 
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• he higher surface to trap and hold tlio sciiiinpiu. the 
risp of tlie flood-phiin surface might he i-apid or slow. 
Spwific evidence of floo<l deposition would 1» ii layer 
of riind left by tlif rei «linjr watei-s, as observed in 1SK5«> 
tin the left side of the channel. (See section A-A' 
fig. 47, and fig. iSH.) 

At etu-h i-each of the channel Tinted in Kenms the 
rvcenl flood-plain deposits, where ex|)osed by excnva- 
tion, sltow alternating thin layers of mud and $and 
(fi|f 48/'). The nuid layers are horizontal and in BODie 
places could be traced back from the chaimel acroas 
tite flood plain to the eilge of the Talley. Individual 
mud layers were traced in exist ingtnnd pits and in holes 
angered or dug into the flood plain. 

To examine these depoeits in more detail, a vertical 
cut, which exix)sed 5 fee* of the flood-plain iiiin. 
vaa made near the county road croMng north of M<>^: 
cow. Hie base of the cut was at the level of the pres- 
ent channel. A diagninunntic sketch of this section is 
sliown ill hgure 51. Six mud lajera appear in this sec- 
tion (fig 48r)> 
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Tlie flood plain is composed of sedimentary units 

deposited by overbnnb floods. A deposit of sand is 
ovet'lain by a thin layei- of tine sediment (the mud lay* 
er) , which is depoait»d during the leoesaoa of the flood 
wntfrs. A part of the sand above the uijpormost mud 
layer ( tig. 51 ) is composed of wind-blown sand trapped 
hy vegetation on the flood-plam snrfaee; imdoafatodly, 
8 pnrt of the sand found hotwwn mnd Invprs is apolinn, 
for the mud deposited in the channel in I960 is now 
eoTeced hy ft thin vmeer of wind-Uown sand (flg. 
4»B). 

Other evidence of overbank deposition might be a 
graded (iciiuMi ; ilmt i-^, (he alluvium s-xposed in the 
banks should si»ow a decrease in grain size upward. In 
figure 51 the grading would be well defined if it were 
not for the urrence of two thick mud layers between 
2 and 3 feet. Except for the sample containing the 
mud layei-s, the percent silt clay als<j iiunMS(>s upward 
as expected. The stratigraphic evidence stipports the 
concept of flcxxl-phiin formation by vertical accretion. 

Cores were taken from sevei-al cottouwood trees 
growing on ttis iMwty constructed flood plain in 1961 
to afford more precise information on the age of the 
flood plain. Trees at the south edge of the flood plain 
near the old Hig^wmy 270 crossing were 17 years old. 
Two treoi were cored at the north edge of the flood 
plain near the bridge north of Moscow. These trees had 
gnvwn around an automobile frame (fig. 48Z>), one of 
a group installed to aid in stabilizing the bank. The 
frame is now located about 250 feet from the present 
bank of the Cimarron River. The cored trass were 
found to be 14 and 15 years old. These ages support 
t)^e conclusion that flood-plain construction began after 
the 1942 flood. 

Trees on the flood plain have been partly buried bgr 
alluvium. Pits were dug at the bass of three corad 
trees to determine the depth of burial. One small tree, 
located on the flood plain near Satanta, was 18 ywcn 
old in 1961 and has been buried by 2 feet of aUvrimn. 
Two trees on the flood plain near the county road cross- 
ing north of Moscow and elomr to the ohannel than 
those shown in figure 48/> were excavated to the main 
i*oot system at depths of 1.8 and 2.0 feet. Tlie.se trees 
were both 11 years old. This evidence indicates that 
about 2 feet of flood-plain deposition has occured during 
the- last II to IS years. 



Once started by a major flood, the widening of the 

rimarron Eiver channel did not cease because of the 
ease of blink i r<»-^ion and the occurrence of large floods. 
The widening of the dnaiiel spptrantly oooomd by 
bank caving as the coane sand was washed from he- 
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ncath the nbtivdy miatMit p»-1914 flood-pltin aodi- 

ments. 

Daring tsknmd widening, degradatiflii ww probibly 

not iiiiixjrtanl. Cliannel pmdient steepened, however, 
as the course of the river was sh(»teDed by deetructioa 
of tlw meamlvr pattern. 

The channel narrowing or flood-plain construction 
along the Cimarron River was the result of three fac- 
tots « fcUovs: The riT«r Itad widened asseadrrc^ 
eipitation was above avcra^; and the large floods were 
infrequent and did not erode the newly formed flood 
plain. The mm Hood plain is eampond of a eomphz 
of coalesf^pd islands, abandoned branch channels, and 
areas of flood plain built adjacent to the low-water 
dumnel. Laige parts of the wide channel wen not oo- 
cupied by low-water flows, and these areas were sites 
of vegetational growth. The increased plant cover re- 
dnoed flow veloeides over these areas and promoted 
sediment depoeitior. 

An examination of tiwKl-plain stratigraphy indicates 
that the flood plain is composed predominantly of over- 
bank sediment deposited diirinp floods. An individual 
flood, depofiit consists of a layer of sand covered by a 
Tsneer <rf mnd. 

COMPAin-ON OF CIMARRON RFV ER ( [LlXNEL 
CHANGES WITH THOSE OF OTHER RIVERS 

Too often in the consideration of unstable channels 
one is prone to think only of deirnulation or a^^nda- 

tion of the chiinnel. Obtcrvatirtns alonjr Cimarron 
Biver clearly show, however, that both channel widen- 
inif and nanowinir may occur without a nwjor change 
ill tlip altitude of the channel floor (table 3). The rate 
and method of flood-plain formation noted along thv 
Cimarron River is not unique, for sfanilar ehanf^es have 
been noted ainnp other rivers. For example, the widen- 
ing of tlio cliiuuiel «f Wa-shit^i Kiver, as described by 
Cold well (1957), occurred without significant ehan^ 
in ihc altitiulc of the bed of the stream. 

Helley I Hcl.Vi -tatcd that the Canadian River in 
eastern Oklalioma lias widejied since the major flood 
of lom; f r <>m less tlian half a mile to more than 2 miles 
m some piace.s. 

Bryan ( IJi'J") reported that the Kio vSalndo, a tribu- 
taiT to the Rio Gi-niidc near San Acacia. X Mi x., 
ranged fi-oni 12 to 49 feet in width in 1882, \mi in 
its width ranged from 380 to 550 feet. Rtyan (1987, 
p. 19) stated that "I'tdike ninny similnr ntrfani'! in New 
Mexico, whicii liave not only widened tlieir cliannels 
but deepended them in the same period, the Rio Salado, 
a( leafit in the vicinity of Santa Rita, has even yet banks 
lliat are only 3 to 10 feet high and average 5 feet high." 
Leopold and Wolman ( IWI) reported that the diannels 



of the Vonlr anil Gila Rivers in .\^rizona were widened 
by large floods, but that narrowing of the channel fol- 
lowed eatablislunent of vegetation. These changes may 
be similar to those whidt occurred along Cioiatron 
River. 

Smith (1940) reported on recent channel changes of 

sevenil rivci-s in wr-sm-n KaiiHas, indicating that they 
have undergone Cimarron-type changes. The Smoky 
Hill Biver originally '^had alternating sandy stretches 
and grassy stretches with ^ r ics t»f jxm)!^-. Later the 
former were widened, and the latter were sanded up 
* * Smith further stated that the Republican 
i; r was gready affected by the flood of 1985. 

Form«rl]r a nanaw atnam wUk * iMetlcelly poenatal flow of 
clear water and wltb wcU-woeM Matai, Ito nap^kes ovw 
hae ft tmtA diaiion- nnay diaaaid witb JalermltlaDt flow. 
The tf«M were pra<-ttrAi)r all wadied eat aad flaaliinjieJ, madi 

vfiiiiai>ic fariiiiii' <i ' : r-i Hsndefl OTcr, and lite ekemtcl has 

l>een filled up b.v Meveral feet. 

The Republican and Smoky Rill Rivers are typical of 

streanis lia\ iu^' sandy channels. a.« they liaw i)i;ly from 
•2 to 3 peirent silt aad clay, in the .sediment forming 
the perimeter of their channels (Schnmm, 1961). 

Tlio Red River flood plain ncaf fbirkbumett, Ti x. 
(fig. 32) was the object of inteiisive study as a result 
of the boundary dispute between (Ndahoma and Texas 
(Glonn, WIT*: Scilnrds. 10231 The Red River wa^ 
never a narrow, meandering stream in historic tiutes: 
asurvey in 18T4dM>wed the river to be about 4,000 feet 
wide The channel, however, has underfrone pome im- 
portant changes. For example, comparison of a spe<"ial 
map prepared in 1980 (SeUards, I8S8) with aerial pho- 
tnerraphs takcii in 19.^)3 sliowed enlargement of the floo<l 
plain. Over a 10 mile reach of the river 5.5 square 
m i les of flood plain were added. The width of the Red 
River was measured at 20 sections between the conflu- 
ence of the Pea.se and lieti Rivere to the west and the 
confluence of Whiskey Creek and Red River to the east. 
on aerial photoirr-aiilL^ taken in lOfi-'?, and 1957. 

In 1937 tlie rivec avi'i-agcd tlim'-quartenj of a mile in 
width, dose to i he a \ c rage for the 1874 survey. In 19.'i:i 
the average width had <lc< ivase(l i<> half a niilp. This 
channel narrowing may liave Usen wiiteinjKuaneous 
with that along Cimarron River. In 1957 the river av- 
er>iged two-third.'; of a mile wide, indicating n <^ifrnifi- 
cant wi<iening Itetween 15)53 and 1957. Tiie phot<»- 
graphs show all the tyi>es of flood-plain formation 
noted along the Cimarron River (fig. 50), and a.« sug- 
geste<l l)y Glenn (1925), the attachment of iaIiiiuIs to 
till- fliHKl plain was important in thsfbilnation proces^s. 

The Red River transports large amounts of sand, red 
silt, and clay. The flood-plain sediments, wliere ob- 
served near the main highway bridgM (Highways 81» 
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CHANNEL WIDENING AND 




Wmn a<— lite map $t M Blwtr im. 

881, md 18a, <Ik. SS) show fltTBtiffcstion ehanotonstie 

of verticil] accretion dopoi^its. One section was sjimpled 
in detail near Burkburnett, Tex., where it was possible 
to <Ataiii a nmpl* of one thick mud layer not mixed 
with sand. Tlie rncdiaii priiin size f0.n02 mm) and silt 
and clay content (89 percent) of this layer are very 
similar to tiie median grain sin (<MXn mm) and tilt 
and clay content (85 percent) of mud recently depos- 
ited over sand at tlie margin of the channel. The simi- 
larity between the mad iayera of the bank end the mud 
beinpr deposited in tlie channel and the occurrence of 
mud layers in the banks at this location and elsewhere 
indicate that the Red Stver flood plain and idande, 
where observed, aie built bj the vertical accNtion of 
sediment. 

StTKKAST 

The channel cliantres along the Cimarron River ap- 
pear to be siitiilar to < lianas which have occurretl along 
the Washita, Canadian. Smoky Hill. RepuV>lican, and 
lied Rivers and Rio Salado. The •■lianpes differ from 
the degradation and aggradation ciiaraeteristic of 
Other unstable streams, for these rivers widen and nar- 
row their channels as an alternative to aggradation and 
degradation 

CONCLUSIONS 
Flood-plain destruction along the Cimarron River 
occurred as a result of channel widening, which was 
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init iated by the maximum flood on record. Ijarge floods 
and below-aversge precipitation hindered a return to 
Stability, and, in fact, were the means by whicii flood- 
plain destruction was perpetuated. 

In oontraat to floods observed in humid regions ( Wol- 
man and Eiler, 1958), floods in semiarid and arid en- 
virnnnients may he tremendously destructive to the 
channel and flood plain. This destruction by floods 
may be a characteristic of erosion in a semiarid region 
where rlimntic fluctuations are common, and flie 
streams are ephemeral or carry very low flows during 
long periods. Often these streams cannot adfust as 

readily as perennial streams to ;i ch-n-i-r it; stream regi- 
men or a climatic fluctuation, i^rge floods may trigger 
an adjustment by initiating iteriods of severe erosion 
or depo««ition (Schumm and Hadley, 1958), and the 
events along Cimarron River may be of this type. 

Most of the Cimarrrai River flood plain was con- 
structed in only 12 years. Althoti^li rapid mte<? of ero- 
sion and deposition are commonly observed on other 
rivers, we are not aware of rates of flood-plain forma- 
tion elsewhere as rapid a."? on the Cimarron River. 

Observations in the valleys of the Cimarron and Red 
Rivets show that the flood plains were formed pie> 
dominantly by overhank flooding and the vertical 
accretion of sediment . (iene rally, patches of flood plain 
in the meet sheltered parts of the i^iannel formed first. 
These patches coalesce and joined the islands and 
abandoned channels to form a compoeitti flood plain. 
Hie flood plsiOf however, can be built simaltaneoasly 
over large areas when an area of channel between the 
low-water channel and the edge of the valley is trans- 
foimed as a unit to flood plain (flg. 50). 

After the flood plain haa been formed by vertical 
accretion, the stream may begin to meander. This re- 
working of the flood-plain alluviiun by lateral migra- 
tion of the stream would form a flood plain compoised 
predominantly of lateral accretion deposits, as described 
by Wolman and Ix-opold (1967) and Adler and Latt- 
man (19fil ) . A flood plain ma'', hp formed by different 
prooeeses, but a meanderinfr sti\ migrating from one 
side of the valley to the other would leave a flood plain 
showing st ratigraphic evidence only of lateral accretion. 
Tlierefore, the presence of lateral -accretion deposits 
forming the major part of a flood ])lain may not mean 
tliat the flood plain was initially formed by point-bnr 
construction. 

The type of changes occurring along the Red and 
Cimarron Rivers can be attributed to a large extent to 
tlie sandy alluvium forming the flood plain and channel. 
Channel widening mstead of degradation and flood- 
plain construction instead of aggradation may occur 
commonly along sandy rivers in semiarid regions. 
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Alluyial fan, a stream deposit whose surface forms a 
segment of a cone that radiates downslope from the 
point where the stream channel emerges from a 
mountainous area. 

Apex, the highest point, on an alhivial fan, generally 
where the stream cinerg»>s from the mountain front 
(Drpw. lR-n,p. 117). 

Braided distributary channels, seconchiry channels 
that extend downslo])e from the end of the main 
stream channel or fnnhead trench and are character- 
ized by repealed division and i-ejoining. 

Cross-fan profile, a topographic profile of alluviui 
fan(s) roughly parallel to the mountain front. 

Drainage basin, the area drainefl l>y n stream upstream 
from tlic full iipfx. 

Ephemeral stream, a sii(^:iiii, or pait of a stream, 
that flows only hrirHy in direct response to 
jirci'ipitaliiiii. 



Fanhead trench, a strcjim channel entrenched into the 
upper, and iwssibly the middle, part of the fan. 

Fan segment, a part of an alluvial fan that is boundetl 
by changes in slojje. 

Intermittent stream, a stream, or part of a stream, 
that flows only part of the time Itecause it i-eceives 
water from seasonal sources such as springs and bank 
storage, as well as from precipitation. 

Piedmont plain, a broad sloping plain formed by the 
coalescence of nuiny alluvial fans. 

Radial line, a straight line on the fan surface extend- 
ing from the apex to the toe. 

Radial profile, a topographic profile along a ntdial 
line. 

Thalweg, the line along the deepest part of the stream 
channel. 
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EROSION AND SEDIMENTATION IN A SEMI ARID ENVIRONMENT 



GEOMORPHOLOGY OF SEGMENTED ALLUVIAL FANS IN 
WESTERN FRESNO GOUNTY, CALIFORNIA 



By WuxiAM B. BwL 



AB8THACT 

Xbt alluTlBt tuBB fMoKliW tbo wMtern twfder of tlie San 
foaqala Valtegr In Frnmo County, CnMt, mn dartvwl fron 
ilr«lnatr« basins that ar« K«>nenillr clmflar tritli raapcct to 

l'i|hit'rriiihy, rlliuAte, fli"<l tci toiiii' ciivirKtiun i.t fiitt that ranKO 
111 <lzc fmrn 0,2 to i'lKi Nqiune nalts :niil In Inhology from 
|>r<-M|i>riiiii<iiit]y simtjvi nn,. i., jirotlumlnnntlv :iiiiilNtr,i;,. i,r ■ilmiiv 
t\iia (IpriTMl from tuiidatonp or Kbalv-riuii bu^iiiis .ire neii- 
entity S&-75 percent xtef^ier than fans of Hlmilar arpa derlred 
fron aud«toDa>ricii iwalat and roncmjr twice as larg« aa fana 
4toH««d from aandstoM hoaliia o( eomiiarabto ate. 

Ttu' rmllnl prciilis rif rlie fans ore no' sriiiinth curve*, but. 
fn^icad, i<.i::iiriNf ihri'c nr four BtralBtit-liiH' segments. The 
surfiiii-s rr]ircs('iit<Hl liy thisp s('»;iiii»iit ■< fiiriii Imiuis of iipjirox- 
loiHifly uniform aUnte tboc aire, mtiliil.v, coiK'entrlo al>r>ut ibe 
fan apexes. I.ouKUu(ltnol proflles of terrni-es show that inter- 
mittant miUft baa cbanged tlie atnaiiMliaiuwl atove apatreaait 
fran tlie flu apoEca. Tba atopa of tlia ana of dwattkm 
aad tka alopa of tlia atraam ctaanBal apatraan Cnm it tend 
to be the aame. The acgmeDtatlon ia a M«dt of bilcimltteat 
uplift that buH uhanRPd the at(««W'eb«itnel alopca anA the 

RU4-<-eedinK depositlonal slopes. 

McRit of the faoji are aniociated with Htream channels that 
iiave becoow prog r ma t Tely ateeper. Bach time the cbaunal waa 
ataaiiaaadtthaaaecccdlagfliBdepaflllafonneAa newfaa-ahapcd 
aesmeni of ataeper alopo that waa dcpooited on tba upper 
part of tba pr»«ilatlnr fan. 

The Little PanM.-lic frifli fuii. Ikuvcvit, li.-i.s ii (li^lnry Hint 
in aRBn<-iated with |>roere«»ively kouiIit sirt'iim-i hunufl gradi- 
ents. hrcnUKe the rate of downrnttlnK by the stream has 
«xcced«d tbe averace rate of uplift of the reach Inuaedlatalr 
vpatiaam Ccoa Urn apei. Tha httermiticnt dmneler of tba 
npltft lamltad in the cttttlav of a aerlca of paliad tem<^ 
which pceaerve a ncord of the defbrmatlon of tbe monatain 
front aad fhB*haad areaa. With each uplift, the end of tbe 
deepened atreom diannel moved farther down the fan. After 
cocb eplxode of trent-hini;, rln- li.wrr iinrt nf thi.' >»lr<'i)iii rhiiti- 
nei and iU adjacent atim of fan dci>0!<ition ultimately attained 
a moregntlacradleut than prevlonaljr. 

Vhii aeimantatloa la lueAtl for dectpherlns part of the tee- 
tonJe hlatoi7 of the area beeaoae the fan prattlea aad tbe 
vdatlw acaa of the fan aeKment.i refle<-t part of tba analOBal 
andteetontchMory of the drnlnaee basins. 

Tu-o pi riiuls of fanhead trenrhinR. ap|Hirentl.v iiurclalcd In 
tectonic actirity, bare been recorded alucv IH.'M when uuuif 
fiaaa ware icoalvtac depoaita near their apexca, One waa from 



I about 187.'' tn iMr, mul the other from about 1085 to IW.V 
Miitiy I'bBiiiicIs liii VI- i.i vn deepened iV-IO feet. 

Bainfau dnia Xroiu five autlona In central California ahow 
two pcrMa of mneh greater than avenaa amaal laintalli 
whieh warn alao perioda of high fraiinancy of lana dallj 
lalnfalL Ttaar e^dde with tbe two perioda of maximon 
dannet treucfaiug. 

INTRODUCTION 

ptfsnMB An> soon 

Allitvi«l fang are eonunon in the and and sMniarid 

areas of il>r warld. GrotUHl walor in in;my parts nf 
the Western States is pum|)ed from alluviul-faii de- 
posits and rechariie of many )tround*mtter basins ia 
tlirouph till' iilluv i ll fall ilt posirs that frinjrc tl>e basins. 
Despite tlie iiuportaiice of alluvial fans, little detailed 
worie has been done on their sedimentary and geo- 
morphic cliai-m teristirs unt il nN eiifly. 

This report presenta data on tJie ijieoutorpliology of 
allvTiat fisa colleetsd u part of an investigation of th« 
geology of alluvial fans and tJicir flniinage bnsins in 

i western Fre^o County, Calif. The primary purpose 
of the investigntion was to obtain a bett^ understand- 
mff of rho nlliivinl fun?? and their dminage basins so 
! that the causes, magnitude, rate^ and duration of nenr- 
sarfaoa subskknoe ooald be understood better. Hw 

spdimontarj' fpafurpsof the allnvial-fan depojiits and the 
geomorphic and litliologic cliaract eristics of their draiii- 
ngisbasinsarBdeseribcd fat detail eiseirkere (Bull, 1M4). 

The p:potnoi7)hologj' study provided information con- 
cerning deposition and erosion of the fans. This in- 
formation is rapoitwl sepvrately in this paper becauss 
it did not revenl mnny ciiteria that could be used in 
appraisal of subsidence. 

The relations of figft sise tuid slope to drainage-baan 
area and litliologj* wprp stndied. The overall shnpe 
' of the alliiviHl funs was studiwl hy lut'iiiLs of i-ailiiil and 
I cross-fan profiles, and I lie ditferent type.s of stream 
cliiuuiols ;u\' (U'si-fihi'd. Kcnsniis fnr the chiinicteristc 
fan siiapes and the history ami causes of channel trench- 
ing that occurred during the last csntuty are diseiisaed. 
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The maps us<^ in the study include the following: 
Gkjieral Land Office pints and survey notes of 185.V58 
and 1879-81; VS. Geolo<rioal Survey TVi minute qund- 
rangle^i, 1D22-31, sciih' 1 : Jll.OSO, contour intpr\alB 5 iirid 
25 feet; and U>S. Geological Surrey 7^ minute quad- 
nuigles, 19S5-66, sciile 1:34,000, contour intervab &, 

10,20. and 4n feet. 

The inv&jtigaLioa was made under tiie supervision 
of J. F. Poland, research geologist of the Ground Water 
Ihnnrli. T.S. (leoloirii ul Survey, in oharpe of land- 
subsidence invesriiratioiis in California, and in co- i 
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OMOSAPBXG ■snnvo 

LOCATION AND TOPOCRAPHIC PKATTTUSS 

The area discussed in this pajwr includes about 1,400 
aqium mflea of the west sid% of San Joaqnbi VslHy 

and the adjacmt Diablo Range in central Californin 
58). The northeni edge of the area is Ui miiea 
■oath of I^ Btttios. ami the southeni boundary is the 
south side of the dniiiiiiire baj-iii of Dotin-ntiinp Ci-wk, 
18 miles north of Costliiiga. The alluual fans are in 
western Fresno County and in a small part of Merced 
County, and the drainage basins of some of the fans 
extend into San Ikiiito County. 

Between the flood plains of the San Joaquin River 
ftnd Fresno Slouirh and the foothills to the southwest 
is a bull of coalesc ing alluviaJ fans 12-19 miles wide. 
The altitude at the ba.se of this piedmont plain ranges 
from 130 to 175 feet, and the alluvial fans rise to al- 
titudes of about .S4()-!K)0 feet at their ajiexes. The 
slopes of the fans range from about 10 feet per mile 
ne«r the base of the larger fans to about 150 feet per | 
mile on the upper slopes of some of the smaller fans. 
The local relWif en the fans is generally less than 5 feet, 
except on the upper parts where the main stream chan- 
nels are incised as much as 10 feet. Erosional stream 
channels are not present on the fans except for minor 
dendritic channels on parts of some older fan sarfaoee ' 
bordering the Panoche Hills. I 

The Diablo Sann^ in the sonthwestem part of the i 



area consists of several groups of foothills fringing the 
San Joaquin Valley and the main range, which is gen- 
erally aboat 10-15 miles from the western mar^gm of 
r':ie valley (pi. 6). The f^Kit hills includ? fhf^ Ciervo 
HIUb, whose highest point is about 3,400 feet, and the 
Panocihe Hilh, wUch rise to an altitude of about 2.700 

feet. The main Dialdo TvMiifro has s< -cr i1 jieaks liijLr'>fr 
than 5,000 feet. Both the footluU belt and the main 
Diablo Range are rugged and have many steep can jons. 

( See pi. 60 

Mo^ of the geographical features mentioned in this 
report can be found on plate 6, and the specific drain- 
ape basins niul their associated allnvial ffins are out- 
lined and identified on plate 7. The approximate 
boondaries of the alluvial fans were determined from 
aerial ]i{iotograiihs and contour map? and by 400 gyp- 
sum content determinations. The average gypsum 
content of fans whose streams head in tiie fiwthilt belt 
is five times the gypsum content of fans whosf streams 
head in the main Diablo Range (Bull, 1964, table 12). 
I^ato 7 also shows the ssctlon-lins grid for all section 
refsrsnosSk 

Hm drainage basins in the foothill belt are generally 

less than 10 miles Ion?, The hii^fhp of the drainage 
basins that head in the main Diublo Range and cross 
the foothill belt-^Little Panoche, Panoche, and Cantua 
Creeks- -ranpe from 14 miles for Cantua Cieek to 22 
miles for i'aiuK'he CiTek. Plate 7 shows Imw the larger 
Iwsins extend around the smaller basins to drain the 
west side of the footliill In general the strenms 

flow toward the northeast »l right angles to the tiough 
of the San Joaqnin Valley. 

Thp strenms nrt» intermitretit or ephemeral. Pre- 
cipitation ih too low and (h aiuage basins are too small 
111 support perennial streams. Little Panoche, Panoche, 
!! I 1 Cantua Creeks are intermittent stream? fhnf receive 
eiiougli grotmd water to flow along the entire length of 
(lieir drainage basins for a few weeks after most winter 
laiiiy seasons. The < liannels of the ephemeral Streams 
are alway.s above the water table and these streams 

(low briefly and only in direct response to rainfall. 

Durliiir tlie «nmmer and autumn, reaches with flow 
generally aiteniate with dry stretches on the int«"- 
luittent .streams, and as the streams approach the San 
Joaquin Valley, they disappear. During winter floods* 
several hundre<l cubic feet per second of water may 
flow in these streams. Flash floods an not oonnmon on 
the larger streams. 

The intermittent streams were described in the 1850^ 
by the surveyors who mapped the area for the Geneial 
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Land Office. Panoche and Little Panoche Creeks were 
deecribfld in October 1854 by A. McNeill, who noted 
" * • • the large creek [Panoche Cmk] being ftt this 
time perfectly dry and never affording any water except 
in the ntiny season." For Little Panoche Creek he 
remarked that "There is however no timber or water, 
the creek being dry^ and conaeqaentiy there is little in- 
ducement for Mtttement.** J. F. Mmtnxn ma^ tbe 
following notes about Cantua Creek in Maj 1855. "The 
water in this stream sinks after ruiuuDg about % of a 
mile into the plains. At the edge of the hills the water 
runs throughout the year." These descriptions show 
that the streams were nearly the same 100 years ago as 



they are today, except that Cantua Creek rarely flows 
throughout the year now, and Little Panoche Creek 
lias more water than was suggested by McNeill. These 
descriptions were based partly on conditions at the timie 
of year at which the observations were recorded. 

Tlie ephemeral streams have a "flashy tjpe" of flow 
which ranges from clear water to ▼isoous mud. 

CUM ATE AND VEOBTATION 

Nearly all the precipitation in the area occurs as rain. 
The average annual rainfall b 15-20 inohee for most 

of the main Diablo Range. The main ran^rt' creHfes a 
rain shadow across the foothill belt and the we&t side 
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of the San Joaquin Valley. Consequently, the awnge 
annual nuofall is about 8-15 inches in the foothills and 
6^-8 inches in the vsUey; it also decreases slightly 
from north to south. )f ost of the rainfall comes during 
tlie winter. The winter rains are carried by cyclonic 
storms that more inland across the Padfie coast . The 
spiin.,' and infre<iuent summer rains result generally 
from cyclonic storms but also occur as scattered 
thunderstorms. 

This semiarid region is hot in thesuinnAr and mild 
in the winter. The daily temperature range is often 
80*-40'F particularly during the summer. The pre- 
vailing winds are fron) the northwest. The lower slopes 
of the main Diablo Range are brush covered, but oaJc, 
pine, antl cedar grow at thehi^wr altitudes. The foot- 
hills and alluvial fans support shruba such as shad.scale 
and short grasses such as downj chfisg and redstem 
lilaree. 

The vegetation on the foothills and in the San 
Joaquin Valley is sparse, particularly during dry years. 
A more luxuriant growth mantles the flooded parts of 
alluvial fans and may continue to grow in a dry year 
following a wet year, if sufficirat moisture is left in the 
ground to support the dense growth. The dryness and 
hot tem|)eriitures disrourage the growth of many plants 
at the low altitudfs fhiriTip the summer. 

CFVER \I GEOLOGY 
aEQIONAI. SBTTINO 

The Diablo Range is mainly a broad anticline that 
has smaller folds tremSng obliquely to the course of 



the main range. Joaquin Ridge is one of the smaller 
anticlines, and Cerro Honito and the Griswold HiUs 
mark the trend of part, of the Ciervo anticline. The 
Vallecitos is a conspicuous syncline to the southwest 
of the Cien'o anticline. Monixrlinal folds are the dom- 
inant structures in much of the foothill area. 

The core of the Diablo Range consists of defonnad 
and slightly nietan)ori)hosed shale and graywacks of 
the Franciscan Formation of Jura^c to Late Creta- 
ceous Age and of ultrabasie intrusive rocks. The 
Franci.scan Formation is overlain vnconfdmiably by 
predominantly Cretaceous marine rocks, which dip 
toward the San Joaquin Valley and form the east 
flank of the Diablo Range. The Cretaceous marine 
rooks ctmsist mainly of mudstone, sandstone, and shale 
which are more than 20,000 feet thick. Easily eroded 
Tertiary marine and unconsolidated continental sedi- 
ments are exposed mainly along the foothill belt and 
in basins such as the Vallecitos. 

Some of the basic data on selected drainage basins 
and alluvial fians are in table 1. The total relief of a 
drainage basin is the difference in altitude between the 
higliest point of the basin and the point where tlie 
stream enters the San Joaquin Valley. The mean slope 

of a drainage basin is the innairp slojic of all the land 
within the basin and is computed with data from con- 
tour iiiHps. Mean slope partly controls the amount 
and rate of frrKion in a <lr;\iTi:i[,'e basin. The slope 
values in table 1 are the tangents of average slopes. 
The litholog}' and geomorphology of thSM dnunage 
basins are described in detail ebewbRa (Bull, 1964). 



Table 1. — Ba»ic data on drainage ba»ln» and alluvial font of nclrrli-d tlrcumt in wetlem Fresno County. Calif. 
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THS COAST BAVOB OBOOBTT 

Alluvial fiiiis are characteristic of structurally dis- 
turbed regions ( Black welder, 1S31, p. 136-138). The 
urtm disenMed in this paper has been mibjert to inter- 
mittent uplift that culminiU("<l in the Coast Ran^ 
orogeny. This orogeny mid iuLsetiueul |ieriods of up- 
lift determined most of the geomorphic and fledimoi- 
t«ry characteristics of the alluvial fans in western 
Fresno County. 

Th» Goaat Ranfj^e orogeny was preceded by fleveral 
I^riods of uplift ^Tnliaferrn. 1043. p. l.M-Tri^") nne 
of which resulted in the deposition of tiie Tulare 
Formation of Pliocene and Pleistocene( ?) age. In 
western Fresno ("muuy, pnrrs of (lie Tulixre consist 
of coarse fluvial secliments that were eroded from the 
aJUMBtral Diablo Ranf^ to th» west. The Tulare to 
the east of the Pnnorhp Hills contains cobbles of jrlan- 
cophauo schist and other Franciscan rock types such 
as slaty shale end grayvacke. The source area for 
thp^c rock types wiis the main Diablo liunge and part 
of (ilaucophane Kidpe. East of the C'iervo Hills the 
Tulare Formation includes red diert and serpentine 
detritus, rock types thnt are comninn in thp mnii^ Tlinhlo 
Ranpe. Some pans of the Tulare appear .similar liili- 
ologically to the present-day alluvial fans. For exam- 
jilc, thp I^iIhiv south of the apex of (he Panot lu> Ci cek 
fan may be part of the fan of an ancestral Fanociie 
Creek. ' 

The •iltlon of th<>se late Pliocene and <-nr[\ Pl.-lNtn. im i ?> 
beds [till- Til In KV>rmnllon1 wn* tiromjlu n ilusc l.y an 
ev*-ii tiinro iiii|>iirtiiiil ami u iih's|ir« ml (iiiisl fine event I the 
CiHiMt Range orogeny] ttiaa that tbruugb which tbey origloaled 
ITaltafnro. IMS. p. 148>. 

Altlion^'h tlif atrc of tlif f'na.-t Ranj^ orojieny is ftm- 
erally considered to be middle or late Pleistocene 
(Eaton, 1938; Reed and Hollister, l9Sfi; Rtille, 1936; 
Putnam, 191-2: Hiiilcy. 1043; Tuliafcrro, 10f:Vi, uitltin 
the area ^udied it con be dated only as post Tulare. 
The Tulare ^erally is accepted as bmng of Pliocene 
and Plfisioi t'iiel' ? ) ii^e, and if this is tlu- a^'c of the 
Tulure in western Fresno County, then the foothill 
belt and probably the main Diablo Range were ele- 
vated durin<: Plfistocene time. 

Middle to late Pleistocene fossils have been found 
in tilted and folded strata in imiithem California, and 
some of tlu'st' ImhIs have been tilted I.y minor earth 
movements since the Coast Kange orogeny (Hailey, 
1943). Movements younper than the Coast Rang^» 
orctirciiy iil'-o atfected the Diablo Rnnjre causinjr changes 
in the development of alluvial fans as will be shown 
later. 

Flat-lying beds of tl>e Tulare Formation on the high- 
est parts of the Panoche Hills suggest that during 
n«^o-M— s 



Pliocene and early Pleistocene time these beds prob- 
ably covered the site of the pre^nt foothill belt} which 
has since been uplifted. Subsequent anMion has sep- 
arate<l the remnants of the Tukre fron their sooros 
areas ia the Diablo Range. 

The streams that now head in the mam Diablo Range 
either maintainetl their original courses tluouirh the 
rising fbotliiU belt, or took new courses tu-ouiid the 
areas of mazimiun uplift. Deposition of aUavial fans 
then took place east of the foothill belt SD theolder ftn 
deposits of the Tuhure Formation. 

The streams that now head in the foothill belt did 
not exist before the Const Range orogeny. Tin' orogeny 
formed the foothills and started the deposition of new 
allnvial fans that are now several hundred feet thiek. 

The western part of the San Joaquin Valley was 
uplifted also. A map of (he l op of a widespread lacus- 
trine clay, tlie Corcoran Clay Member of the Tulare 
Formation, shows that the western e<lge of the Corcoran 
was uplifted several himdreil feet relative to its eastern 
edge since the end of the pluvial {leriod associated with 
the ■•luy i Ti. K. Miller, written cniiununifnt ion, 1962). 
Alluvial-fan deposition has obscured any topographic 
expresuon of this folding in the San Joaquin Valkj. 

CWmOKraOLOGY OP TBE ALLUVUL PANS 
OSFlHlTAOmi AXD OTnTRRiftTi nAOTBUI 
An alluvial fan is a streatn deposit whose surface 
forms a segment of a cone that radiate«> downslope ^ 
from the pinnt where the stream channel emerges from 
A mountaimmsarea. The dcjiosit may consist of water- 
laid sedunsnta or mudtlow deposits; the alluvial fans 
in western Fresno County arsmade up of both. A radi- 
ating surface gives a fan the distinctive s\\n\n- of a 
I segment of a cone. The channel may contain either a 
I pereimial, intermittent, or ephemenil stream. In west' 
1 erti Fresno County the sovirce areas range from low, 
rolling hills to steep, rugged mountains. 

Stream channels are commonly entrenched into the 
fanhea<l8, the area close to the ajwx, and Eckis' (15>*28, 
p. 240) term '^fanhend trench*' gives a good description 
of this feature. Downslope from the end of the fan- 
head trench most of the stiraui rli;iiinfls divide into 
several braided distributary channels which are about 
1-S feet deep and commonly change position during 
floods. 

A piedmont plain is a broad sloping plain formed 
In- the coalescence of many alluvial ftrns. The terms 
j "comi)Ound alluvial fan*' and "bajada'' (Tolinan, 
p. 142; Blackwelder, 1931, p. IM) have the same mean- 
ing. Blackwelder noted that '^parallel to the monmtain 
front the con\ exit i)?s of the (omiion^t fans impart 
to the bajada an undulating surface.'* 
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FAV HU A3K» MUOM | 

Alluvial fans and tlipir draiiiapp basins or source 
areas act as open systems because changes in drainngi;- i 
htMn oonditions canw oluinRes in fan chftraeteratiea. I 
The area and s1o]h^ of a fan aro related to the size and ' 
lithology of its drainage basin. The fan slope used 
in computing quantitative nlntions is the avempe over- 
all slopo from thf fan apex to tlie outiM- inarjxin wlicre 
the fan coalesces with another fan or with the river de- 
posits in the trough of the S«n Joaqnin V«11ejr. Radial 
profiles drawn near the rnidille nf a fan from apex to 
t«e were used to help locate the lower end of the &lope 
to be HMMured. The boandftries shown on plate 7 were 
used to determine most of the fan areas. 

In general) « « large deep canyons have broad 
fans of iow gradient; shoit ravines have small steeply 
sloping fans" (Blackwelder, 1931. p. I'lR). This gen- 
eral relation is true for ihns in western Fresno County, | 
M is shown by figure 54. I 

Stalistical-fittiii|f proof^dm es were not used in dnuv 
ing the lines, but the set of equations for each litliologic 
group WR8 diedced by inserting terms from tli» equa- 
tions of figures MA and MB in the equations of fignre 

Overall fan «ie is controlled mainly by draina^- 

basin fpatuit>?, surli as size, slopo. niinfnll, and erml! 
bility of the exposed rocks. The fans ^udied range 
in size from 0.4 to 260 square miles. Figure 54^4 shows 
that all the fans derived from Imsins underlain mainly 
by mudatone and sliale, and half the fans derived from 
boans underlain mainly by sandstone, are larger than 
their bflsinp. Tlie plotted jiointH scatter nioderafely 
about straight lines described by the equations shown 
on the flgure. On the logarithmic graph the slopes 
of tlie lines (0.<!S) are equal and show that fan area 
increases in about the snme exponential manner as 
drainage-basin area mcreaasa, despite appreciable dif- 
ferences in Htliolnjn Tlie coefficients of the equations 
(1.3 and 2.4) show that, on the average, fans derive<l 
from drainage basins characterized mainly bj modstone | 
and shale hit' rniifrhly twice ns Inrpe a.s the fan'; derived 
frfim dr ainage basins of eomparable size characterized 
inaiidy by sandstone. 

The fans studied ranpe in overall .slope from 0.0035 
(Cl-i') to 0.029 d'MO'). Fipiire .'.4ff shows that the 
overall fan slope decreases with an increase in drainage- 
basin .size. In drninape bjisins of comparable size, all 
but the smallest fans of nnidstone and shale ba.sins 
slope more steeply tlian fans of sandstone basins. 

The relation of fan area to fan slope is shown in 
ti^nire ^tiC. In ^neral. fan slope decreases with in- 
creasing fan area. Fans deri^■ed from nnnlstone and 
shoJe drainage basins are laiger than fans of similar | 



slope that are derived from sandstone basins; and fans 
( in the size ran|p 1-100 square miles) that are derived 
from mad8t<MW and diab iiasiDS am 36-TS pwotnt 
steeper than fans of similar area thstt are deriv«l from 
sandstone baaing. 

The apexes of fans of mudirtone and shale drainage 
basins are, on the average. r>L'ii feet above the troujrb 
of the San Joaquin Valley, whereas the a()«xes of fans 
of sandstone drainage basins have an average height of 
40t) feet aWive the \ alley troiiirli. Therelat i \ e hei<:litsof 
the fan apexes, and the relations shown by figure 54, 
show that for drainage areas of comparable size fans 
deri\e<i from mudstone and sh.ale are not only lai<rer, 
but also are thicker than fans derived from sandstone. 
Presnmnbly, these diflerenoea in Hn vdluma can be 
attributed 1 a r;re 1 y to the greater erodiUlityof the mud- 
stone and shale. 

In the area studied, downcuttinp of the stream chMr- 
nels in the mountains has not kept pace with uplift. 
The effect of uplift on stream gradients is described 
in the section "Tectonic hyiiothesis." The relations 
between fan slope, fan area, and drainage-basin area 
and litholo^ry may l)e different in areas where down- 
cutting by streams has exceeded uplift of the monntains, 
and erorion of partof the fm has oocaired. 

KAxuL nmroM cof axutviai. kahs 

The radial profiles of an alluvial fan reflect itsdeposi- 
tional history, which is controlled partly by erosional 
and tectonic changes in the drainage basin upstream 
from the fan. The radii of a fan are restricted by 
adjacent fans, and by stream deposits at the toe of the 
fan if the fan is built Into a narrow valley. 

The overall radial proftlts of most alluvial fans are 
gently conrnve upward. Most invp<?tigators have re- 
ported that th«! .slopes of alluvial fans decrease gradu- 
ally away from the mountain front. Blissenbadi f ir>.".i. 
p. 176) said thai "fmm the a|)ex of the fan the surface 
dips towards the base in which direction the angles of 
dip gradnally become flatter." Trowbridge (1911, p. 
714) stated that "The slojie of the piedmont plain away 
from the mountains varies rather uniformly with 
distance away from the mountains.'' Krurabein (1937, 
p. .'ifthU.W), in his studies of the San Antonio Canyon 
fan in southern Califoniia, concluded that the slope 
of the profile decreases at sixli a constant rat« that the 
slope can be expressed as a negative exponential 
function. 

Tl»e slopes of the funs in western Fresno County do 
not (lecrensr irtadnully awiiy fmm tlie mountain front. 
-VII the fans have distinct breaks in slope, which give 
their radial profdes a segmented appearance. The fan 
segments generally hare a constant slope and Apipaar 
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as siraight lines on a rudiul profile. ThefADSof Little 
Panoclie Creek and C'antua Creek, ll0^vevp^, ruch lm\e 
a segment tinit is concave in addition lo their slruiglu- 
line segments (fig. 59). 

Tlif nntfriiTn slopes of ptr!iip"ht-1ine .segmenls- of thf> 
rndiai protiies are not merely tlie result of interpolation 
betxreen widely spaced survey control points. Maps 

mndr SO yenrs sipnrt l)v somewhar (lltTiTfiil twlmiques, 
feiunv consistent fiui shapes, except in nreuji lliat have 
been afl'eeted by intense land subsidence. For example, 
the fan fermentation of the upi>er part of the Tumey 
Gulcli fun I figs. 56, 57) was studied by using data from 
the Monocline Ridge quadrangle w hich was mapped by 
planetable metiiods in (1 Sil/vSK, .'»-ft contour in- 
terval) and 195.5 (1:-J4,(HX), 10-ft contour interval). 
According to luithorities at the Pacific Ai-ea Office of 
the Topograi^hic Division of the U.S. Geological 
Survey (oral communication), some interpolation was 
neceassr^' for the lO:^-) map, which was based partly on 
SUTTiiyed profile lines spaced 1^000 feet apart. No in- 



terpolation was used on the 1955 map because the indi- 
vidual contour lines were snrveyod in this part of the 
({uadrangle. The radial pitjtiles obtained from both 
maps are the same, and show that the fan aeg meittii 
have constant slopes for several miles. 

A survey of topographic maps of other areas in 
California aiiil m Nevada has also shown that seg- 
mented alluvial fans in western Fresno County nrc by 
no means unique. Slopes of many other Califui uia fans 
are segmented also as is illustrated in figure 55 which 
shows some common types of radial profiles. The dots 
i-epresent altitudes from topogmphic maps. The proiile 
of the San Antonio Canyon fan was drawn on the same 
radin] line used by Krumliein (19:17, fig. 5). Most of 
the profile of the fan was prepared from a topographic 
map with a S-foot contonr interval whereas Kriunbein 
used a map with a fiO-foot contour interval. The upper 
and lower segments are straight, but the middle seg- 
ment is concave as is shown by the chord and the ex- 
tended lines of the straight segments. The upper seg- 
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meat of the San Antonio Cuiyon fftn Hm a gradient 

tliut is constiuit rfiroiitrli :i deci-ease in altiltifle of T>()fl 
feet iu 2 iiules. Tlie base of (he fan merges with odier 
allttviftl depooits near the Pnente Hills. The Trail 
Canytm fan hns a n\<1i;il profile tVi;U vrrtiiiilly a 
sti-uigiu line except for « small straigtit-luie si'ginont 
of leaser slope near the toe of the fan, which merges 
witli t)ip n]<] Inkf-hpfl of Dcatli Valley. The radial 
profile of the Tule Kiver fun consists mainly of straight- 
line flcgnwnts alao, but the lowest part of the fan, when 
it merges with the deposits of Tuliirf L.ikc. lins n con- 
cave protile. The angular relation between any two 
adjacent straight segments is indicated by extending the 
tmce of the lower segmerf Mps-lf»[>c: dtc rtirvature of 
the curving segment is indicuied by a chord. 

The profiles are subjective to the e.xtent tlias liitfcrcnt 
people will draw S'l!«rli!ly <IiiT('re)it litieR tliion^li the 
same bet of control points. The author Ims tried to 
keep the profiles nmple by not brealdAg cunrea into a 



I large number of short straight segments and 1^ average 

■ iiifr freiitly mu! Ill ;uing slopes with stniighf linrs rather 
(iian depicting liieni in detail us a series of convex and 
concave curves. 

Vertical exniTiETratioii is necesssiry to show clenrly 'he 
segmented sln4>e of the radial prohles. bteep fans such 
»s the Trail Canyon fan require little exaggeration (IS 
tiiiiiH). hnf pvntle fans such as the Tule Biver fan 
recpiire much exaggeration (422 times). 

I A detailed study of the Tumey Gulch fan in western 
Fresno County show?; (hnt flit^ nnpnilar relations and the 
length of the segments vary from one side of the fan 
to the other but that the overall profiles are very sim- 
ilar. Eifrht radial jirofilcs of this fan are shown in 

I figure 5t> ami iIh- lo' at ions of the profiles are shown in 

i figure 57. EiU'li inutile has three straight-line seg- 
ments, and the angle between the upper and middle 

I aegments is larger tliau the angle between the middle 

I and lover segments. 
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Profile 6 has be^n extended onto the Panoche Creek 
fan. The zone o £ coalescen(% between t lie Tumey Gu Ich 
and Panoche (^reek fans for profile 6 is ooncRTe, but 
the profiles of the coalescence zone for luilf of thp rndiul 
profiles (not showji in fij. 56) are straijjlit. ilost of 
the rtdial profiles in this paper show the topographic 
profile of a specific ulhn ial fnn hut not the profiles of 
zones of coalescence of two alluvial funs. 

The radial profiles of fif^ure 56 show two dimensions 
of the fan sepmcnts and the map of the Tumey Gulch 
fun ilk hgure 57 bhows the third dimeiuiion of the 
three fan segments. TIm gencTtl flhmpe of the Kouiul- 
aries between the fan segments is concave toward the 
apex, and the upper segments have lobate tongues ex- 
tend ini.' downslope. 

The t>oimdanHs hi^wpen the fan segments of the 
Capita Canyoij fan (lig. 72) show that the same gen- 
erel features exist for this snutU fan. The boundaries 
between the fan segments cross the contour lines at 
a large angle, and the lobate tongue of the upper fan 
segment centers about the present-day stream channel. 

If the upper fnn pcfrmert of the Capita Canyon fun 
continues to spread diiwiuslopt', the adjacent lower fan 
a^BOtnt may be overlapped. Part of the lower fan 
asgment of the Tumey Gulch fan was aliuoat over- 



lapped by tlie middle sefgDwnt in the vicinity of pro- 

file 5 (%rs. r.6,y7). 

Radial profiles near medial radial lines were drawn 
for 12 fans whoso streams head in flie foothill belt, all 
were found !o have three straight line segments. Ra- 
dial profiles for six of these fans are shown in figure 58. 
(See pi. 7 for h^ation.) Only a half or one tliird of the 
control points are shown for most of t lie pi-otiles. The 
average slope of the upper Begmcnts is l^'lV {nog^ 
0*55'-l''46') ; tiie average slope of the mitidle pej^incnts 
is 0°48' (range 0°32'-l°14') ; and the average sIoih- of 
the lower segments is 0°37' ( rang© 0°22'-O*51'). The 
average angtdar diffeience between the upper and mi<l- 
dle segments is 0 20' (range 0'14'-0"'44') ; the average 
angular difference between the middle and lower scg- 
menrs isO'll' (ranitre 0''4' 0*24'). The drainage-basin 
areas of tlie funs aliown in figure 58 range from 2.6 
square miles for Capita Canyon to 89 Sqmtre miles for 
Tumey Gulch. Lengths of segment* vary, hut the 
lower segment of most fans is short. 

The radial |>niiile of each fan is distinct, but th» 
fans whose «lniinage basins are adjacent to each other 
generally have roughly similar radial profiles. An 
example shown in figure 58 is the profiles of the Arroyo 
Cier%'o and Arroyo Hondo fans. Other adjacent fans 
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with similar profiles, nut shown in the figure, are the 
Martinez Creek and Domeogine Creek fans, and the 
Capita Canyon fan and the adjaoHit fuis to the nortlt 
sndaouthof it. 

The upper segments of mo«t of the fans are the 
youngest, ^faps made a century ago by the General 
huxd Office show that the stream channels were not en- 
trenched iUUt the upper segments of some fans. Aerial 
photographs show a fre.sh pattern of braided di.stribu- 
tMxy chemiels on the up(ier fan segments es well as on 
the middle Mid lower segments, which indirntes that 
deposition has occurred recently on most upper fan 
segments. The degree of soil-profile development is 
abnit the eane on the upper and middle parts of most 
fans and cannot be used to differentiate the ages of 
these ftM Burfaoes. Patches of older soils ooour on the 
loiwer porta of some fans, and locally at the mountain 
front, where fan deposits have been warped by uplift. 
Charcoal from 10.6 feet helow the surface of the upper 
fan segment of the Arroyo Hondo fan (pi. 7) gave a 
radiocarbon npc determination of l,ft40±200 years be- 
l<>re the present time (Kubin and Alexander, 1860, p. 
159). Th» total thickness of deposits of the hn seg^ 
ment at this locality is estinialed, by extending the 
slope of the adjacent fan segment, to be 24 feet. If 
the rate of deposition for the 24 feet is assumed to be 
c (>nstiin(, the s^ment has heen growing for only 2fiO()- 
3,000 years. 



Radial profile of fans whose streams head in the 
main part of the Diablo Range have a different number 
of fan segmen ts. ( Compa re figs. SS and 59 . ) K ach of 
the three fans has four distinct s^^ents. The seg* 
ments of the Panoche Creek fan are straight, but the 
ii]iperniost segments of the Cantiw Orselc and Little 
Panoche Creek ftins are slightly concave. 

The Uttb Fsnoehe Creek fan has two anomalous 
features. First, it has a steeper riqpo than the Cantua 
Creek fan, although its drainage am is twice that of 
Oaalna Creek. Second, nnlihe other fans, the sorfSice 
of th» uppermost fan segment of the Little Panoche 
Creek fan is underlain by old soils that indicate that 
deposition has not occurred on the upper fan Begmeiit 
(hiring Recent t ime. The history of the Little Panoche 
Creek fan is discussed in detail on pages 106-109. 

The Panoche Creek fan, wfaoBshi^n drains 2% squ are 
mih's of tlio Coast Ranges, is the most gently sloping 
fan in the area studied. The slope ranges from 
O'lT'dl" on the uppermost fan segmoit to 0*8'14" on 
th«> lowest fan segment. 

Drainage-basin characteristics such ss lithokgy and 
mean slope (table 1 ) do not seem to tw related to the 
segnientation of a riidiul profile. For example, the 
Capita Canyon basin (67 percent mudstone, mean slope 
0.80) is the source area of a fan whose radial profile 
fn<,'. ."js) is siniiliir in HtKi]n> lo tlic rudinl profiles (fig. 
58) of the fans of the Martinez Creek basin (34 per- 
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cent mudstone and shale) and the Loguna Seca Creek 
buin (EHsan slope 0.20) . 

No oouBtBtent relation betwoen tfae gmiu>«iae distri- 
bwtion of the fan deposits asd iui ac^pnentation has 
been foiuid. Grain-size ana^^flag of 200 surface and 
flibnrface eamples show a gcnaral decraaae in maxi- 
mnm and median grain sisee and an increase in day 
content in the downslope direction (Bull, 1&64). The 
grain-Size distribution of a particular area of a fan 
ia inJhienoed greatly by tlie periods of faniiead treadl- 
ing that allow deposition to start from various points 
on flip tippernnd middle pnrt« of the fan. 

RBIjATIon of sthkam and fan-mbomk^t gratuknts 

Allui'ial fans and their drainage basins are hydroiogic 
units that function as open systems, and ciimatie or 
tp< tonir oh-irifjop in the drainage basins affect flie rate, 
mode, and locus of deposition on the fans. The gradi- 
ent of a stream and of its fan tend to attain a steady 
state or pquilihrium, and are sMisitive to ch:ni<.'(s in 
the drainage basin. This tendency is important in 
oonndering the pomble causes of fiui segmentation. 



In the area studied, Steep fans form at the mouths of 

ratiyons having steep Idiipif imIuiuI ])njfiles, and llic* 
gently sloping fans form at tlie moulhs of valleys hav- 
ing gentle longitudinal profiles. This general relation 

aln) oi rnrs in the "White ^fountains of California and 
Nevada where Kesseli and Beaty (1959, p. 10) have 
noted that "* * * the steepness of the annml fans is 

in direct relation to the ^twpness of tlie moimtfiin 
cauyomi providing the debris out of which they are 
eonetrueted." 

In western Fresno County, the slope of the valley 
floor upstream from the apex of a fan and the upper 
fan eegmentsrevirtaally the same. In fact, tfae upper 
fan segments and the valleys f<ir a distance of l^— 1 mile 
upstream from tlie apex have the same general sl<^ 
Of 10 TaUeTS, ft of them have slightly lower gradients 
above their apexes thai> their upper fan segments and 
5 have slightly higher gradients than the upper fan 
segnwnts. The avenge diihrenee in dope is 0*10' 

fnmgn in diffwnre, O^S'-O"!?'), wliich is only half 
the average differcacc in slope between the uppermost 
and the adjoining downslope segments of the same fans. 
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On most fans tlie slop*' of the upjK-r fun sef^nirTit iiml 
of the valley upstream from it are similar even where 
the underlying rock typ« is not the same {%. GO). 
The stream chamiel of (^^)li(a Cunyon is in Cretaceous 
and Tertiary marine rocks and slopes alighUy more tbaii 
the adjaoent laa atpuaat. Tlie stream channel of 
Lacuna Seca Creek is in Recent alluvium and slopes 
slightly less than the adjacent fan sagmeot. These two 
stream ehannels were formed after the deposition of the 
upper fan s^'pmoiits. On tlie other hand, the torraoe 
deposits of an unnamed stream and Arroyo Ciervo prob- 



ably were dr>po?;ito(i dnniig (lie siuiit* interval as the 
sorficial deposits of their upper fan segments, because 
the fans and low termeee have the same gradients, 
ifaps made by the Genernl Land Offir^ sliow that the 
terrace cutting of both these streams occurred since 

ism. 

TIio jirfvionsly disi'tisscd cvidr-nre shows that near the 
a|>ex of most fans, deposits have accumulated tliat have 
the same gmieral slope as the valleys upstream from the 

faf)s. Erosion pr<'dotninate^ in the valloys Ix'fore the 
fans have attained tlie same gradients as the valleys. 
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After the same grndietit !ins I>een attiiinetJ, aggrudutiuii 
of the upper fan siii fui-e uiut streuin valley luaiutaius 
this common g^dient— examples are the nniiMMid 
scream and Arroyo Ciervo of figure 60. 

The fanltead trencli^ also tend to be cut down to 
the same gradients ns ad^cent lower fan segments. 
This adjiistmfii* of ptiriim ;;ia(li(Mits to depositionul 
gradients is illustmiint by riie gradient lotions of soiut' 
fanbead trenches shown in fi|pire 61, and the flame rela- 
tion pr«tjnh!y pxistfd fo!' thr sttTiinis whrii tlic iiiiiin 
ctiannel ended at the top of the upper fan aegmeut. 
Part of the fanliead trenches of the streams shown in 
limine (il Iwn vnt down to (he sume gradient as 
that of the adjacent lower fan segment. About a mile 
of the Tumey Gulch and Moreno Ouleh fsnhead 



trpin luN now have the same gradients as tlieir ndjacont 
lower fan i^meuts, and about 5 miles of the Panoche 
Creek ftuihead trench now hss the same gradiMit as 
Its adjacent lower fan segment. Most of this adjust- 
ment has occurred in the last opnturv (fig, 77) . .Stifjims 
probably tend to backfill if cut to a gradient leess tlmu 
I tlieir adjacent lower fan stigment. 

The I I'liit u)n of the stream and fan-segineTit pradient-s 
is significant because it ^jIiowk that tlie area of deposition 
and tlie stream channel upslope from it tend to main- 
tain a uniform and common gradient. Tlierefore, the 
fan segments probably are the result of ( hanfrpo in 
strcam-cliannel gradient that cause deposition ou 
steeper or gentler dopes. 
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POSSIBLE CATT8E8 OF FAN SEOM£NTATI0N 

An explanation for the forntation of segmented fans 
is esflentini to the iimlerstnnding of their depositional 
historj-. Alluvial fans in western Fresno Cminty have 
three to four segments which appear as straight, or 
rarely us slightly cur^'ing, lines on tiie radial profiles 
of the fans. The fan deposits accumulate on surfaces 
that have about the sjime gradient as the stream channel 
upstream fron> the area of deposition. Therefore, 
changes in the gradient of the stream channel probably 
have caused changes in the slope of succeeding fun 
segments. First, the evidence for changes in the en- 
vironment of deposition will be presented, and then the 
possible causes of fan segmentation will Ije discussed. 

The prominent paired, or matched, terraces of west- 
ern Fresno County (Arnold and Anderson, 1910, p. 
155, pi. IV-A; Anderson and Pack, 1915, p. 104-106) 
reflect changes in the erosional history of the drainage 
basins. The terraces are classified in this paper as 
high and low terraces. High terraces generally are 
more and low terraces generally less than 30 feet above 
the present-day stream channels. Two high terraces 
and one low terrace are shown in figure (52.1. Figtire 
G-2li shows one pair of terraces about 1(H» feet above 
Arroyo Ciervo and a second pair of terraces, less dis- 
tinct than the first, alx)ut 3f)0 feet above the valley 
floor. The lower pair of terraces and the present valley 
floor diverge downstream. The area pictured is up- 
stream from a zone of pronoiuiced monoclinal fold- 
ing. Paired, or matching, terraces, have a two-phase 
origin : first, the surface is formed by beveling or dep- 
osition; and second, the surface is entrenched by accel- 
erated erosion. The several levels of paired terraces 
along the valleys indicate that the area has been rejuv- 
enated repeatedly. 

The terraces show that erosional and depositional 
rates have varied from time to tinje in western Fresno 
County. Changes in erosional conditions probably 
changed the stream gradients and the slopes of the 
adjacent fan deposits. The accelerated erosion that 
causes terracing may be due to either uplift or climatic 
fluctuations, or both (Bryan, li)'23, p. 21-25), or to 
changes in base level. The entrenchment that caused 
the formation of many of the low terraces was caused 
mainly by climatic changes during the last century. 
(See section on "Cau.ses of the Fanhead Trenching.") 
The high terraces, on the other hand, reflect tectonic 
changes. This is discussed on pages 106, 107. 

The number of fan segments seems to be related to 
the number of terraces. For example, the Arroyo 
Ciervo fan has three segments separated by two changes 
in fan slope, and the drainage basin has two paired 



' high terraces. Little Panoche Creek has four segments 
separated by three changes in fan slope, and the drain- 
age basin has three paired terraces. In the following 
discussion, climatic, base-level, and tectonic changes 
will be examined as possible causes of the terracing 
and fan segmentation. 

The alluvial fans in western Fresno County are of 
Quaternary age. Therefore climatic changes that af- 
fected the erosional and depositional conditions prob- 

' ably occurred during the formation of the fans. 

I Extensive glaciation occurred in the Sierra Nevada 
during Pleistocene time, but this part of the Coast 

I Ranges was not glaciated. 




B 

TlWK 02, — TprrnrM In the foothill lM>lt of veatrrn FYrnio Coaotjr, 
A, Tirrum nluni; C'ancii* Cm-k. IxxtklnK Miiithriiiit from NRViSE^ 
wr. in, T. 17 8.. II. 14 K. Thr r«ncr in on h low trrrai-r and two. 
bich Irrrnrrn nmir IwtiK'i'n It ami the skfllnr. H, I'alrfd hlfh t*r- 
rarifi aluiiK Arrnj-o Clrrvo. I^Kikinir iiniithwrat from NWViNEVi •»c. 
30. T. 1« S.. H. 13 E. Arrows mark lucatlon of up|M-r trrrace. 
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The moisture content of some of the fan deposits, 
M shown by tests of core samples, provides evidence 
concerning possible precipitAtion changes in fhe araa 

during fan de|»osition. Irri^tion has produced exten- 
sive near^surfooe subsidence on certain fans in western 
Fresno Ooonty; abont 125 square miles have snbsided 

or probably would subside if irrigated. This settling 
of the land surface is caused by the compaction of 
depomts by the overbnrden load as tlw clay bond sup- 
port intr tlic voids weakened by water percolating ■ 
through the deposits for the lirst time (Bull, 1964). ! 
Prior to irrigation the moisture content of these com* 
purtible ik'posits while in the root zone is below field 
capacity because plants and air remove much of the 
soil moisture during the hot, dry summers, reducing 
the moisture content to the wilting coefficient. Mois- 
ture tests (%. 63) and the presence of near>8urface 
snfaddenoe indicate that tiiese depotdts continue to lie 
nic)Isi nil.' ilt'fii ioit :ifi('r Iinrial below the root zone, thus ' 
proving that water from succeeding winter rains and 
floods does not percolate below the root zone. Ths 
native moisture roiitcnts of these deposits represent 
moisture conditions that have not changed appreciably 
sinoe burial below the root zone. 

For example, moisture content for two 300- foot core 
holes in the Arroyo Hondo and Arroyo Ciervo fntis 
are shown in figure 63. Grain-size analyses indicaie 
that there are no major changes in lithology in the 
300-foot sections. The moisture content fluctuates with 
depth partly because of variations in the clay content 
of the samples. Moisture^uiralent testes of samples 
from the same core holes indicate that the moisture 
condition of the upper 120 feet of deposits is roughly 
60 percent of field capacity — about at wilting-coefficient 
conditions. A sharp increase in the moisture content 
of the Arroyo Ciervo fan deposits at about 130 feet 
indicates deposition under slightly wetter conditions 
than at present, but the deposits are still much drier 
than field-capacity conditions. The deficient moisture 
dMuUtion of thsBB fan deposits indicates that major 
diangiB in the amount of precipitation and stream 
flow have not occurred during the deposition of the 
Upper 100-200 feet ol deposits, whieh span the time 
of formation of the fan segments. 

An explanation of fan segmentation based on cli- 
matic change would require thick valley fills upstream 
from fans on \^]lirll tl,(» upper segment is the youngest. 
Ill ligure 64, ttie initial fan profile is shonn (for sim- 
plicity) as a mngle straight lin& Diagram A shows a 
fan and a stream channel upstrwm that have devel- 
oped a common gradient. As the result of a hypo- 



thetical climatic change the stream deposits material 
on its bed and on the fan steepening the gradient of 
both surfaces (diagram li). In order to maintain am- 
ilar fan and stream gradients, a large amount of valley 
filling would have to occur in conjunction with the 
steepened fan snrfue. Such a process would require 
more than 100 feet of valley fill less than a mile up- 
stream from the apexes of fans such as those of Arroyo 
Ciervo and Tnmey Oulch. The valley All along 
Arroyo Ciervo i.s less tlian I'O feet thick ami, along 
Other streams tliat head in the foothill belt, tlie fill does 
not appear thick. 
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VialtBe M. — Dljiicraii>matl<' ukrtrhrH nhuwlnii thp 8tr«|i«iilDe of itlCBn 
gradlenU ilu« (o a b; puUictkul cUnuitc cbaug*. 

If s^puentntioii is niuseil by cliiiiutic clinnges, then 
f»it8 with similar and adjacent drainage basins should 
have similar shapes. However, this is not tme of fans 

in tlir urea stuilicil. Tlic ii]i]ir'!- si'^inciil of Tuniey 

Gulch fan is much larger than the upper segment of 
the Arroyo Hondo fan. The drainage basins of the two 

f;in> have a similar ~izi*. litliolo^jv, mean sloix", \f';.'i'ra- 
tion, and rainfall distribution. These facts indicate a 
similar rate of deposition and st<^f^!<t that the upper 

M-j^^iiicnl of flu' Tiiiiii'V Gulcli fail started to form mui'li 
sooner than the U|>]>er fun segment uf the Arroyo Hondo 
fan. This, in turn, suggests that the causes of the fkn 
«(>gn)orit:>tii^n did not neeeaaarily occur over large 
regions at the same time. 

Both regional and local base-level changes should be 
ODn^iflrrffl a? possible caii>t's of fan si'£.'ii"i('nf ation. 
Pleistocene lowering oi sea level probably caused eii- i 
trenchment of the San Joaquin River. This regional | 
change in base level sliouUl Imve oiuised entrenchment '■ 
of the streams into tlie fans along tike west side of tlie . 
San Joaquin Valley if the streams vtn p«rennial at | 



that time. Eiitrcnclnnriit Tcanlrl 5?tp<»p^n thf stream 
gradients, but tutrencimieiit also would prevent deposi- 
tion on tlie fan. Thus, regional base-level changes 
appiirently did not affect tlie development of fan 
segmentation. 

Evldaioefl of intermittent local base-Ievd ehangw «e 
common and are described in the next section. 

TECTOVIC HYPOTHB8I8 

The third possibility is that fan segmentation is 
caused mainly by tectonic changes. Parts of the moun* 
tains probaMy wfie mdified mort' than 2,000 feet dur- 
ing and since the ('oust Kange orogeny. The abrupt 
breaks in dope betmen the inn segments cannot repre- 
sent tectonic hinpe points, however, becau<5e llie se|E:iTicnt 
boundaries are strongly concave toward the apexes of 
the fans (figs. 57, 73). TMa concentrie distribution 
Hhows tliaf tl.e fail scfrmt^i'.ts are dspositional featuM 
ituitead of purely tectonic forms. 

The following explanation is in accordance with the 
fads itvailabic from wesferii Fresno County at the 
|>resent time. In brief, terrace cutting caused by uplift 
of the mountains formed a steeper stream gra^ent, and 

subsequeiii clej)osition on the fan laillt a new fan seg- 
ment at a new gradient. Repeated periods of uplift 
produced additional terraces and fan segments. 

This explanation applies to (wo types of fan-segment 
history in western Fresno County. All the drainage 
basins liave been uplifted, but the location of the area 
of mnximum diffoifntia] uplift ff'tnerally (he moun- 
tain front) with respect to the fan apes partly deter- 
mines the locus of sncrrssire stages of fan deposition. 

Mf)St of the fail ai)exes are iiiiineiliiilely dowtist roam 

from the area of maximum ditTerential uplift, and the 
strenm-chnnnel gradient upstream from the apex has 

become ]ii<<;rie-si\ely steeper because downeutting has 
not kept paice with the uplift. Intermittent uplift 
associated with progressively steeper stream gradients 
eaiise:s fan segmentation in «liich the upi>ermost seg- 
ment is t he youngest, as in ligure QoA. The second type 
of fan segmentation occurs where the fan apex is several 
miles ilou iis(reani froiii (he area of maximum differ- 
ential uplift, and the siream-cliannel gradient upstream 
from tlie area of deposition has become progressively 
"■enller. liei aiise (lie dovvncuttiug by t]w stream has ex- 
ceeded (he minor uplift in the reach inimediately up- 
stream from the apes. Intermittent uplift, or possibly 
i liinatir r!i:inj_re. associated with proprps-sively gentler 
stix>am gradients, cuiu»s fan segmentation in which the 
lowest segment is the youngest, as in figure 
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rAKS ASSOCIATED WITH PBOOR£flSITZI,T OEKTLES BTS£AM 
0KADIENT8 

Little PuiuK'lic ("reck and Wildcat Canyon have fans 
whose uppernuKt sepmcnt is the oldest and whose 
younger segments arc associatod ■with pro g w ig ively 
gentler stream gradients. For purposes of discussion, 
the Little Panothe Creek fan includes a small area near 
the mountain from on which some erosion hia oocnired. 
These t wo fans do not represent the usual occurrence in 
western Fresno County, because on most fans the upper 
segment is the youngest and because most of the fans 
have a history of progressively steeper gradients up- 
stream from their apexes. Little Paitwhe Creek is the 
only strptim in the areu, however, tlmi l>jid broad ter- 
races for which topographic maps .>f ^llf)i' lent detail 
are available to allow accurate pint i iug of longitudinal 
terrace profiles. These profiles are shown in figure 66 
to illustrate the nUttions between tectonic environment 
and stages of alluvial-fan deposition. A direct relation 
bet weeii terraces and Hn segments can be shown for this 
type of fan. 

Three prominent paired tmaces occur near the mouth 

of Little Panoohe Creek. All Ihre** are underlain by 
a 2- to 2U-foot veneer of sand and gravel that was 



or A BmaAiaD smBomaMT 

deposited on truncated deformed Tulare sediments. 
The upper t«rraco is dissected and much of (he soil that 
formed in the surficial deposits has been ranovwl 
erosion. Two to four feet of caliche-cemented gravel, 
representing the Cca horizcm (LT.S. Dept. Agriculture, 
1960) of a well-developed soil, commonly is found at 
or near the surface. The middle terrace is not exten- 
sively dissected and a moderately well developed soil 
has formed mi the sarficial deposits. The soil profile 
consists of 2 feet of red clayej sand and gravel that is 
underlain by weakly oementeid oalcareoua materiaL 
The lower terrace is not dissected, and vitnble soil- 
profile development has not occurred. Examination 
of fossils ' collected by the iiiif hor from a ledge several 
feet beneath the Tulare dii) slo})© {fig. 66) suggests that 
this part of the Tulare Formation is of Pleistocene Age. 
The distribution and stage of development of the terrace 
soils suggest that the upper and middle twiMe* at* of 
lato Pleistooene age and that the lower terrace is of 
Recent age. 

Part of the tectonic history of the Little Banodie 
Creek drainage basin is revealed by the various sur- 
faces shown in figure 66. Deposition of the Tulare 
Formation censed in this area when the Coast Range 
orogeny uplifted this part of the Panoche Hills. The 
dip slope of the upper, or possibly the uppennoett 
Tulare shows a pronounced decreaae in gradimt mar 
the mountain front, where gently folded Tulare twda 
can be seen in roodcuti?. 

Little Panoche Creek cut a wide valley through the 
hills. A period of uplift caused the stream to cut 
down leaving parts of the former valley floor as the 
upper terrace. The upijer part of the fan was up- 
warped slightly causing it to be abandoned by Little 
Panoche Creek. The profile of the upper terrace ( fi^. 
66) shows that minor anticlinal folds were superim- 
posed on the waq)ed surface near the mountain front 
where the differential uplift was greatest. UtUe Pa- 
noche Creek continued to cut down and then laterally 
during a jwriml of little or no tectonic activity. A sec- 
ond period of uplift during which a oarrow band of 
monodinal folding occurred along the mountain front 
caused another .stream rejuvenation, which resulted in 
the formation of the middle terrace. The relations 
of the folded and unfolded parts of the terraeea indi- 
cate a dtfietential uplift at the mountain front of SO-80 
feet during each of these periods of folding. 

A periotl of regional uplift, or possibly a climatic 
change, then caused the fornuition of the lower terrace 
whose smooth ])roli1e indicates that differential uplift 
at the uiountaiu front did not occur. The lower terrace 

■ ■Hmlnailoii mdc hr IX W. TtylM. VM. Otct. a«r*tr CmoobK 
foMU loe. snes. 
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ccmveigw with tiie stream chftnne) downstream. Most 

of tlip roitvprfrPTiff ntiiy Im* dup to clinnnol frenrhinp 
cauwNl \>y iliiciuutioiis in rainfnll during (lie pa-s< 

cendiry. 

The lotiirit'idinal profilos hi lli,niro flH sliow both di- 
vergent and con i.f rtreiit putUu-u.s in tlio duwnstrcom 
direction. The ui>iM r and lower terraces divergedown- 
stream .10 feet in the first 3 miles. The divtrju^iirp 
indicates steepening of the stream gradient by head- 
ward erosion, as the mountain front was uplifted inter- 
mittently by anticliiiiiT ntul monrH'Iiiml foldinp. 

Terrace divergence occiii-s upstreiini from tiie zone of 
nuucimam differsntial itplilt, and terrace convergence 
ocnirs downstream from thp 7/>np nf maximum difTer 
ential uplift. Most of the tt rta' e convergence occui-s 
within Smtleeof the folded mwv ni [li<> momitain front. 

Thp uplift? nrrel( r;itisl the ilt'i'pi'iiing of the rtrenin 
chamiel, but theciiannei downstream fmm tlie mountain 



front was not uplifted appreeiebly. Hie net effect in 

this reach was trenching of thp strcnm channel and 
extension of the end of the channel faniier out on the 
fan. Eadi time this happened the area of deposition 
and the stream i lKinnel upstream from it. devell^ped a 
more gentle gradient thou previously. 

The slopes of the teraaoe^ arc r-ontinuous with, the 
slopes of tlie fan segments. The .slope of tl»e upper 
terrace continues onto segmeui A-B (fig. 66). The 
old mouth of Little Plenoclie Creek has been preserved 
beeaus-' of an overall lateral migration to tlie south 
of tlus part of Little Panoche Creek. Tho middle 
terrace ends at the upslope end of fun sefrnuMit B C, and 
the lower terraeo ends at the upslope end of the fan 

I segment C-D. The gi ttdieul of the lower part of each 
terrace approximates tlie gradient of the adjacent 

' lower fan segment. (See iiis<^i-t. fig. 66.) The s«Jtl- 
protile development on the fan segments and the terrace 



Digitized by Google 



106 



EBOBION AND BBDIMBNTAHON 



IN A anoAniD EimmwuBNT 



profileB both confirm that tlieseg^nent iieai-est the moun- 
tains was formed first and tliat the two adjacent lower 
segments are younger. 

The present-day stream channel ends on the upper 
part, of the lowest fan segment (I)-E), and maps made 
by the General Tjind Office show that the end of the 
channel in 1854 was just npslojw from the upper end 
of this lowBBt segment. Thus most deposition is oc- 
eurringf on the lowest segment on the south side of the 
fan. but the stream chnnnei is sliullow and nan-ow 
enough to permit major floods to flow over tlie banks 
and depoNt material on parts of the three lower seg- 
ments. 

Fan-segment boundaries, soil types, and selected con- 
tour lines reveal part of the history of the Little Pa- 

noche Creek fan (fig. G7). The i>ositioiis of the con- 
centric contour lines indicate that the present fan a|)ex 
is 2-3 miles dovnslope from the monntnhi front ( see 
pi. 7 for complete outline of fan) and that the old 
alluvial slope upstream from the apex was mainljr an 
erosional surface. The soils data indicate a leeneral 
decrease iti ;rraiii size in the downslope direction. The 
fnn-scgment boundariee and the distribution of the 
younger alluvium (particularlj the conspicnons lobes 
of s:m<ly deposits) both show that n>ost of the deposi- 
tion of the younger alluvium has occurred on the north 
and east sides of the fan and that little deposition has 
occurred in rfn- crntrnl part of the fan, where older 
soils and clayey younger soils predommate. The fan- 
segment boundaries and the areal distribution of the 
older 1111(1 younger alluvium also indicate tliat I lie over- 
all amouul of deposition of the younger alluvium was 
small compared to the other fiins in western Fresno 
County. Tlie small amount of dejui-itifm iniiy 1» due 
partly to the fact Uiat (he Little Punoche Creek druinag^ 
basin is the only source area studied that is underlain 
by a \:\rf!i' amount of re.sistant Fniiiciscan ro<'ks. 

The information shown in figures 66 and 67 can be 
used to reconstruct the hirtory of the Little Panoehe 
CriH'k- fan. ,\ fan-shajMHl alluvial slojic was formed 
after the initial deformation of tlie Tulare Formation. 
"Hie upper part of the slope was a small narrow ero- 
siotial nr^a. and the lowci- part of the slope was a lariri^ 
broad depositional area. The slope of the valley floor 
represmted by the upper terrace was continuous with 
the upper part of fho nllmial sTopi", Remnants of the 
alluvial slope are represented in figure 67 by the areas 
of older alluvium. The uppermost (A-B) and low- 
est fT>-E) segments (fiir. f<^') wfre formed at fhis time. 
The uplift that causcil the cutting of the upper ter- 
raoe wjurped the uppermost segment (A-B) and deter- 



mined the location of the prsMnt fan apex. The up- 
lift also causeil accelerated erosion that ultimalely de- 
creased the stream gradients in the reach upstream from 
the area of deposition. The fm segment B-C wa« diB- 
l>osited. Erosion that accompanied the cutting of the 
middle terrace caused another decrease in stream gradi- 
ent in tiit> mich npstream from the area of dc]M)sition, 
and the fan segment C-D was deposited at a 
lower gradient than that of the fan segment B-C. 
The segment C-D occurs on both sid-s of the fan which 
means that the stream changed position on the fan 
and cut through the segment B-C. Change in the 
position of the entrenched stream is plausible because 
the present-day stream channd is shallow and narrow 
enough At the apex to allow floods to top its banks, 
as it did during a flood in September, 1958, and to 
form natural levees such as those indicated by the 
;i50-foot contour line of figure AT. During the deposi- 
tion of the fan se^^nents B-C and C-D, slight amounts 
of deposition partly covered the older alluvium on the 
fan segmoBt D-B. Areas of older alluyium, however, 
are not exposed on the downslope part of the east side 
of the fan, which has been the area of principal deposi- 
tion for more than a oentuiy. A new ftm segment 
whose slope is gentler than the segment C-D and whose 
slope is partly controlled by the gradient of the present 
stream, probably is forming on this put of the Ho. 

The segment B-C probably had a larger areal extent 
formerly. Before deposition of the segment C-D, B-C 
would have intersected the surface of the old alluvial 
slope (D-E) at a jioint between C and D. Subsft- 
quent deposition of the fan segment C-D made an area 
of active deposition that probably encroached both up- 
slope and downslope from tlif area where the former 
s)()|)es intersected. The D fan-segmetit boundary line 
has a lobnte shape that indicates downslope expansion 
of the fan segment. The C fan-segment boundary line, 
however, does not have a shape that suggests progres- 
Mve overlapping by the adjacent lower fan segment. 

The Little Panoehe Creek ftin is representative of 

funs wlin-vo pcirmentation is associated with progres- 
sively gentler stream gradients during their hiMory. 
.\ It hough intermittent uplift steepened the stream 
gradient upstream from the mountain front, (lie f«n 
npcx was 2 .3 miles downslope from the mountain front, 
and the successive areas of deposition were downstream 
from reaches of progressively gentler stream gradients. 
Eivh tipw ptnjrr of fan dep<*--it ion was farther tlown- 
slo|)e and on a more gentle gradient than the previous 
stage. 
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tAn jmocuam with pbogresbivbIiT wgnptB taatui 

OHAPIEKTS 

Most of tho fans studied show ft sequence of fan- 
segment (U>vi-|i>pnient that 18 revttaed fttMn the Little 
Panoche Creek fan — their uppennost segments are the 
youngest and their lowest sepnents are the oldest. The 
youngest lerrnoe (or slretini channel of n century ago) 
has a slope that is continuous with the upper fan seg- 
ment (fig. 6<)). Before the current i>eriod of fan-head 
trenching, the areas of most active deimition were just 
downstream from the mountain front. The tectonic 
history of most of the drainage hnsins is similar to 
that of the Little PiHin. Ije Creek Imsin. except thiit the 
upper parts of the fans have not been warped ap- 
preciably. The gradients of the sstreams above the 
apexe,s have become progr««sively steeper, as is shown 
by the downstream tenace^gradient divo^gwoe up- 
fltream from the mountain front in figure 06. In con- 
trast, the apex of the Little Panocha Creek fan is 2-^ 
miles dowiislope from the mountain front, and the 
reach npstraun from the area of deposition has been 
intermittently decreased in gradient. 

Figure 68 shows diagrammaticaUy four successive 
stagee in the development of a tan0» fan wfi;mentY for 
a fan whose upper segment is the younge.st. In pro- 
file A the fan and stream channel for a short distance 
upstream from the apex have developed a common 
gradient. This i quil l'i iuni then is destroyed liy r iiiiil 
monoclinal folding along the mountain front, which 
raises the valley bottom about 40 feet, stee;)ening the 
stream irradient (profile A'l. Tlie defomiat imi in- 
duces trenching headward from the mountain front 
(profile B) leaving parts of the uplifted stream chan- 
nel !is iiiiiii'd h'irnces. The terrnce.s proltalily were 
continuous with prior fan surfaces which have since 
been buried by tlie deposits of ymmger fan segments. 
A siil)stiiii( ial increase in the rates of emsirm and dep- 
osition results in the rapid aecumulatiou of sediments 
on the fan, particularly on its upper part, where the 
ciiifT^eiLl sirt^'iiii cntsT-^ a rcacli rliiirai'( erixwl l>y a re- 
duction in gradient. In profile C, erosion lias deepened 
the i-alley and deposition raised the fen surface until 
a cfiiiiiniiM L'vnilifiit lias .■i^aiii ham attained. Tlie fan 
surface now has two segments which appear as straight 
linee on the radial profile. Deposition oontinuee on the 
fan, and the vallfv n|jstn>am from tlic a]icx afrtrfuilcii 
in order to maintain a conunon gradient (profile D). 
The upper fan MjEOwnt is extended farther onto the 
fan, and llic <'h5mgc in Rlo[)e nn)ves from Y to Z. Most 
of the dejwsition has occurred on the up^jcr fan seg- 
ment, but enough depodtion occurs on the rest of the 
fa:, to prevent the formation of wdl developed soil 
profiles. 



Tlie above discussion postulates that a fan segment 

that appeai-s as a straight line on a radial profile may 
1)0 the result of rapid uplift of the drainage basin fol- 
lowed iiy a time of little or no uplift, during wliich the 

stream r':i;ii' lu-I ami fan atlaiii a roinnioii slopt'. A fan 
segment thai appears conca\e may represent the case 
in which a fan surface has not had soiHcieJit time to 
devel*)[) a roii-taiit .-liipe after a ppiind of rapid uplift. 
(See profile U, fig. 6S). A concave surface also could 
be the iTsnIt ofF a period of gradual continuing uplift. 
During a pciiml of I niit itmoDs tqilift fliC vtrcani gfiirli- 
enl would gradually steepen and the depositional slope 
of the fan also would become progressively steeper. 

Tlie s-cgiiiented fans of wr-tnti Fresno County in- 
dicate at least tliree or four epi-sodes of uplift of the 
ditFerent parts of the Diablo Range rather than con- 
tiiuions uplift of t!ii> r>iit iv range. The profiles differ 
u little from fan to fan, indicating difTereiices in the 
times and amounts of uplift and rat^ of erosion in 
their resp<"tivi >trn fnraf areas and drainage basins. 
Part of the uplift probably occurred in the last 3,000 
years, as is indicated by the Arroyo Hondo radiocarbon 
date. 

Alluvial fans whose drainage basins are in a different 
tectonic setting than that of western Fresno County 
lire those iilf>it£r The southern Iiordt>i- of the San Joaquin 
Valley, alwul !<»(► miles to tlie .>t)u(!ieast of the areii 
studied. Figure 60 shows the strikingly similar radial 
profiles of t wo hirge alluvial fans whose drainage basins 
head in the .San Kniigdio Mountains. These two pro- 
files are markedly ditferent from the radial profiles of 
' western Fi-esno County funs bcraiivf (luy have pro- 
I noniiccd concave middle segniein.s. The geologic en- 
' vironment of the two ai-eas is similar in many rcspecta. 
lioth have similar cliiuafc and drainage-ljasin char- 
acteristics.' The Santiago ( reek drainage basin has a 
I total relief of ."».0S<) feet, and the rocks exposed in the 
drainage Ita-in , oiisiFf nf 0(1 percent sedimentary rocks 
iukI 10 |)eivciti iiu iiuncnphic and plutonic rocks. The 
.San Kmigdio Ci-eek basin has a total relief of 7,S30 
feet, and the i-ocks exposed in the drainage basin consist 
of 41) peixent scdimenfaiy rocks and 60 percent meta- 
uiorphic and plutonic rocks. Terraces that liiverge 
i downstream arc common iip.stream from the mountain 
from (MctJill, 10.-.l,pl.'2). 

The major difference lietween the San Emigdio 
Mount and the Hiablo Range is in their ^ructoral 
hisiory suid leclnntc setting. The Diablo Sange has 
been formed by anticlinal and monoclinal folding, and 
by minor faulting. The main part of the San Emigdio 

> DrKlnni:-- i»i"iu infommtloa (or the Cam kMdIas In Uke 8«a Bair 

commaBlciittoa. iuii IBQl). 
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Mountains is charucierized by thrust fuultiiig luid tight 
iisyntinotric fol«i.s tlint lt>:iii towsird iln.' Sun Jonquil) 
\'!illt'y. The niarkwl (iilletviK*' m liKlial piufiksof the 
two funs on northern side of the Sail Emigdio 
Momituir.s ff)tn])nrp.:l tn tlin^c fnr fun.-; in western 
Fresno County is asi iilitd Uy tlw. uuilmi to theditfereiit 
tectonie hlfltOiy of the two source Hi-eaR. 

I^arge c'haiijjes in -lopo hcf'.vi'cn fan segnieiits pre- 
simiahly iiidieate gieaitr uphft ami .stfPi>ening of tlie 
valley iipstreutn from the apex thiin <lo -^unill changes 
in fan slope. Uplift in wps»pni Fresno (^ounty has 
l>een mainly as niomnlinul ntul icliuul folding. The 
valley slopes could not liaM- !«'in made much steeper 
than the fan sloijes if there had Iieen a similar fault- 
block tilting of the mountains and fans; .such fans 
there would have little or no segmentation. An e.x- 
ample h the Trail Canyon fan (tig. 55) on the east side 
of the Panamint Range. Eastward tilting of this part 
of the Panunint Range and Death \''Hlley ha.s been 
descrilie<l by €rreene and Hunt (1060). On the west 
side of the Panantiut Kaiige, by contrast, soma of the 
Tttlley dopes hAve been steepened more than the fan 



slopes, and the seipnentatjon of theae hxa is more 

proiHMinoed. 

Some stages of alluvial fan ik'Vtlopmeui for faus 
whose upj>er segment is the youngest are summarized 
ill Hguiv 70. .\ "tream chamu'l luul fiiii Imvt' developed 
a roinnioii gnulit iii as shown in diagram 1, iigure 70. 
Tplift steepens the sti-eam gradient and the new fan 
deposits nro luiil flown with a steeper gradient. Tlie 
stn»iiiu ( hiuuiL'l gradient may have been steeper after 
the uplift, but the slopes in diagram 2 represent equi- 
liht'ium condii '0115! iie;ir the itkI of the stage. Aiiottier 
period of upJill niakt-.s (lie third segiiieut, completing a 
thi-ee-segment fan. Deposition continues on the fan 
and (he stream channel ufwtream from the fan apex 
maintains the same slope as the fan by aggrading 
slightly (diagram 4). A tem))orary period of chaiiBol 
trenching occurs (diagram '») and the low terrace and 
iipixT fan -segment have a common slope. The down- 
sti-eam end of the fanhead trench has the .same gradient 
as the adjacent lower fan segment. Valley alluviation 
and stream entrenchment (diagrams 1 and 5) may occur 
several times during the develt^Hnent of a ftui as ia 
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diown by old t(>iTni-e and channel pAtterm on aerial 

pliofoprHplis. Deposition jnolialily was orcun'ing 
mainly on die upper segnieiU a < ( i tin v iigo, but cliannel 
(renchiiig then CAUsed deposition to m cur mainly on 
the niitldle sejniient us the etid uf the clinimol inorf'd 
downslope (diaf^nini i). I'lesent-dtty deposition is 
restricted to the area dovmslope from thA flist or aeoond 
fan segment of most fans. 

When an area becomes tectonically stable, permanent 
trenching of the fens occurs ns tlie mountAim Are eroded 
Wid tlie sti"eams rnt Ix-low the fan ai>exes. Erasion 
jj^dually removes tlie deposits tliat are higher than 
the main chflnneU, and the fans became Alluviated 
slopes that are characterized by large areas of erosion 
m well as areas of deposition. Such slopes are common 
in tlie Basin And Range Province of CAltfomiA and 
Nevada. 

Fan segmentation should be helpful in deciphering 
pArtof the tectonic and erofiionAl histoiy of the drainage 

basins of other mountain ranges Fnns are formed 
adjacent to a monnfain front aftet u[.l ft, and renewed 
uplift that causes projrressive steepening of llie stream 
gradients will keep the principal loci of deposition close 



to tlie mountain front. SefntMltAtUm on such fans 

cull lio ;im-iI;.i;rfMl diieflv tfi tcffonir muses inni tht» 
yuunge>i fan segnit-iit will be adjacent to tlie iiiountaiii 
front. If renewed uplift does not occur the stream will 
cut downward estublishtn<r progressively gentler grudi- 
ents, and the iwns of [n iiicipal deposition will be pro- 
gressively fArllier downslope from tbo fAa ApeJC. If it 
is not segnieiiled the fan may have a .smooth concave 
profile. Fan .segmentation associated with progres- 
sively gentler stream gradients lA oommon, liowever, 
and can l>e attribute<l to climatic as well as te<-tonie 
causes. In western Fresno County this tj'pe of fan 
history (Little Pano*'he Oeek fan) can be shown to 
have l>een caused chiefly by uplift of the mountains 
several miles upstream from the present fan ai^ex. 
However, many .segmented fans in the Basin and Range 
Province of California and Nevada also have surficial 
deposits tliat are older near the mountains and younger 
near the ba^e of the fun. Climatic changes during fan 
deposition shouhl Ite considered as a possible «Ioininant 
cause of the progiv.'^sive decrease in stream gradient 
and associated segmentation of many of the bAsin And 
range fans. 
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CBOSS-FAM PBOnXW 

Cross-fan profiles parallel to tl>e mountain front show 
tlie convexities of the allnvial fans (figs. 73, 74). The 
amount of convexity depends on where t)ie profile is 
dniwa and on the ronlesoing of adjacent fans. The 
convex slmpe of a serie.s of cross-fan profiles shows 
that an ulluvial fan is part of a gently sloping cone. 
The central part of the fan generally is higher than 
the sides because of greater deposition on the central 
part. 

Stream channels control the place of deposition, and 
the pre.sent-day channel deviation from the medial posi- 
tion on the fanheads of 7') faits is slunvn in ligure 71. 
The distribution of channel deviation i& fairly uniform 
from the meclial position to a deviation of about 30", 
but two-thirds of the channels are within 30° of the 
niediiil {Kisitiun. Only three clianneb have a deviation 
of more than 50". Thirty-nine streams have an average 
deviation toward the northwest of -26°, and 35 streams 
have an nwrage deviation toward the southeast of 23" 
The predominance of stream channels within 30* of the 
medial position implies that more dqiOHtim occurs 
there than in areflg farther from the medial position 
which are not frequented as often by streams. 

The progressive downslope decrease in the convexity 
of cross-fan profiles is well illustrated in the area. 
The fans of Capita, Chaney Ranch, and Mftrea Can- 
yons are described as examples (figs. 72 and 73) . The 
respective drainage areas for thei^e fans are 2.G, 0.53, 
and 1.9 square miles. Th« fan of Chaney Bench Can- 



yon \^ sma.]] and rmlp.^'c?; with the Other fsUS within 
•2 miles of the mountain front. 
The Capita Canyon fan eacoellently displays features 

characteristic of many fan? whose streams head in the 
foothill belt. The convexity of the upper part of the 
fan (downslope to profile D-D*) stands out clearly, 
as sho^vn bv the coni^>icuous curvature of t!ip contour 
lines. The downslope decrease iu convexity is well 
shown hy the proigTesBive etroighteninir of the oontour 
lines toward the base of the fan. The depth of the fan- 
head trench decreases markedly downslope from the 
upper fin segment and the stream choimel becomes a 
distributary cliunnel that is abf)ut "2 feet deep. 

The six cross-fan profile lines A-A' through G-<t' 
are spaced at half •mile intervals except for the quarter, 
mile sparin<; Wtwren A-A' and B-H' (figs. 72 and TT). 
The profiles across the lower parts of the fans are flat 
compared to the profiles ■cross the upper parts of the 
fans. T!i(? di'i rens^' in tl>f coint'xity of the cro-:- fan 
profiles progressively farther from the mountain front 
oceurs much as would be expected is a series of profiles 
drawn progresttvely farther from the apes of part of a 
true cone. 



Leopold and Wolmaa (1957) described three chnr- 

ncttTiHt tc channel pattptn?; of rivers: braided, meaiidor- 
ing and straight. A braided channel is characterized 
by the repeated division of the channel aixnmd islands 
of alluvium; a meandering stream has a series of reg- 
ular looplike bends; a straight channel has little or 
no curvature. 
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All three of these channel pntterns «r» common on the 
hxB in western Fnsno County. The most common 
flmiinel piittern of the fanhead trenches is the meander- 
^yP^ ^ illustrated by Panoche Creek. (See tip. 
79.) Panoche Creek also has some i«latively straif^ht 
sections of channel, and straip:ht clniiinels are common 
on the alluvial fans of ephemeral streams. (See Capita 
Canyon, fig. 72). In the straij^ht aeetiona, the tJial- 

\ve<^, or the deepest iKirt of the channel, generally 
weaves back and forth between the channel banks. 
This also occurs on strniglit stivtches of perennial 
streams I I^^eopoUl and Wolman, 1057, p. ,13-55). The 
braided channel pattern is characteristic of the dis- 



triliiifiiry rlianru'ls downplopf from rho end of the fan- 
head trenches but is not present in the faoheod trenches 
thenuelyes. 

A cross-fan j^oflle drawn about parallel to the east 
edge of the PsJMidieHilla^and leas than a mile from the 
hills, is diow in fl^re 74. The stream channeb are 
commonly on the highest parts of the fans, but they 
may be on any other part of a fan, as shown by the 
arrows in flgnre 74. Streams, sudi as the one occupy- 
ing Gres Canyon, deposit so little material that they 
remain at the bottom of the trough formed by two 
adjacent large fans. The fans have a Tariety of eroe»' 
sectional shai>es, many of which reflect the influence 
of the size and ^ape of adjacent fans. The profile 
between miktge markers 1-4 on the line itf the aseliin 
is representative of an area where several bftve 
coalesced. 

The main channels of some of the streams do not 
flow at right anfjlcs to the contours of the fan. The 
stiTum rhnnnels of Marrii (':uiy<)n i tip. 7i. sees. 17, 18) 
and ])iirt of the channel of Arroyo Hondo are examples 
of thesa streams. Arroyo Hondo apparently is migrat- 
injr sideways toward the downslopo side of th*^ <"1iaimel : 
at the present t iiie the downajloix- hunk is 7-li feet iiigh 
in contrast to tlie 2- to 4-foot bank on the upslo|)e side 
from M liicii tile i liannel iins moved. TlieNC ;ii'.oni:i1ous 
f>ositions of istreani channels may have l)een t^turted 
by the entrenchment of a minor channeL Once such 
an entrenrhmpiit is started, natural Ipvees tend to be 
concentrated on the lower side of the channel. The 
entrenchment of the channel and the formation of nat- 
iirnl lf»vers tonipornrily prevent the slrejirii from break 
ing out of its chamiel and flowing directly down the 
slope. Natttra) levees of this type are diown by th« 
contour lines along parts of the stream of Che liuca 
Canyon fan (fig. 72, sees. 8, 17). 
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Natural levees are a common feature on most fans 
in the area. Many natural levees were fonned before 
the recent entrenchment of the streanjs, aiul natural 
leveea are being made along the shallow reaches of the 
channels at the |>re.sent time. Figure 75 shows mud- 
flow dei>ositii on the natural levees of Arroyo Hondo. 
The channel wa.s shallow- enough for the mudflow to 
flow over the bank.s and spread out to i\d<l another incre- 
ment to the natund levees. Hushes lieljHnl to keep the 
deposition within liK) feet of (he channel in n>ost places. 
Natural levees along ilio internjitteMl streams are made 
of water-laid sediments that probably were de|K)sited 
as the velocity of flow decreaseil after the stream left 
the main channel. Natural levees al)ont •'?-.'> feel high 
are shown in figure 79 along the downsloj)e part of 
Panoche Creek in the NW> i sec. 10 and the NEVi sec. 
20, T. 14 S., R. 13 E. 

PANHKAD TRENCnKS 

The stream channel of almost every fan in the area 
is entrenched into the upper part of the fan. The 
fanheuil trenches of the ephenieral .streams are narrow 
and the fanhead trenches of the intermittent streams 
are wide. The sides of these incised channels in many 
places are nearly ver(i<'al walls. The depth of the fan- 
head trenches decreases away from the mountains, and 
eventually the channel splits into several distributary 
channels. 

F;inhead trenches are a natural feature of alluvial 
fan.s, and traces of abandoned trenches can be found 
on several fans. The present cycle of armyo cutting 
already had started on some fans when the first land 
survey was made in the early 1850's. Later .surveys 
and the accounts of some of the first .settlers show that 
channel trenching started on other fans in the period 
between 1875 and 1885. This date is about the same 
as the time of the channel trenching in parts of Ari- 




('luViiE T5. — Mutlflow (l<-|M>iilln vn llie nntiiral Iprt^n uf Arroyo Hondo. 
.\rn»w tiiiirkx oiittT nlcp nt ntiirltlow \'Wv northuvat frt»lii Ihr 
SWHSE^ ner. 2. T. 17 8.. It. U E. 



zona, Utah, Colorado, and New .Mexico (Bryan, 1025). 
Cattlemen and sheepherders who have lived .30-40 years 
in the area agree that much of the deepening of the.se 
channels has occurred since alxjut 1935, although the 
channels on most of the fans had their present areal 
extent by 1930. 

Many of the fanhead trenches are terraced. Tumey 
Gulch has scattered remnants of paired terraces 7-20 
feet al)ove the present channel, and Arroyo Hondo has 
3- to 5- foot terraces, which are paire<l in some places. 
Paired terraces are excellently preserved in the fanhead 
trench of Arroyo Ciervo, where a narrow slot about 
8-15 feet wide has been cut 5-9 feet deep into the l>ot- 
tom of the first stage fanhead trench to form the ter- 
race. The channels of the large intermittent streams 
are flanke<l by broad terraces .VIO feet above present 
stream grade. Most fanhea<l terraces have been formed 
since alxnit 19155. 

The fanhead trench of Tumey Gulch a mile from 
the edge of the foothills is shown in figure 7fi. At this 
ix)int the clmnnel is 37 feet below the surface of the 
fan. The bushes along one side of the channel indi- 
cate the location of a narrow terrace remnant. The 
original land surveys show that Tumey (Julch had the 
same extent and position in IH.Vl as it does today, but 
in 1854 the channel was shallow enough for the sur- 
veyors to walk across as they chained the section lines. 




KinmK T6. — Tbr fiDbnd trench of Tumc}' Oulcta looklDg upttream 
rroiii SW^,SWU DM. 2». T. 13 S., K. 13 E. 
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The changps in tlte depth of Tumey Gulch between 
1921 KQd 1855, based on data from topographic maps, 
are shown in fipure 77. The fiuiliead trench termi- 
nates at the downslopp end of the upper f&n segment. 
The sbailow channel shown in the middle fan segment 
is one of several distributarj' channels. In 1921 the 
fanhead trench was as much as 20 feet deep. Hy 1955 
the upslope part ol the trench was partly filled, but 
in places the trench was deeper than 30 feet and the 
de^Mt part was moving upstream. More than a mile 
of the downslope end of the 1955 trendi i« a continu- 
ation of the slope of the middle fan segment. SiniUar 
fanhead-trench and ian-gtadi«nt reUtiotU exist for 
other fans (fig. 91). 

Figure 78 diows the changes in the depth of the fan- 
head trench of Arroyo Ciervo between 1921 and 1956. 
The 1858 maps do not show a gullj, but the 1880 map- 
ping reveals that a gully extended to the downslop? 
end of tlie upper fan segment. Topograpliic maps 
sliow like l&Hl channel to be l-tt feet deep and tlie 
19S5 channel to be as much as 26 fleet deep. Most of 
the channel deepening between 1921 ami ID "if; (ki uned 
within the upper fan aeigment and, like tiie chaiiueling 



in Tumey Gulch, the deepening increases upstream. 
The channel entrenched in the Arroyo Ciervo fan dif- 
fers from that in the Tumey Gulch fan because it ex- 
teiuls (iownslope pa.st the upper segment. 

Unlike the chnnnel wiJtlij; of eplit^iiieml strenm?. 
which apparently lisive not changed uiuih since tirst 
reported, the channel widths of the intermitleiit strvnnis 
have increnw-d from about 20 to several hundred feet 
during the paw 100 yeare. The pairs of numbers in 
figure 79 show changes in the width of Panoche Creek 
between 1^^>4 nrul l!>.')r». M;my sen ions of tlie channel 
are from two to six lin)es wider tliau tliey weiv in 1854. 
The lines of measurement along which the ^dth iras 
measuretl generally are not perpendicular to the stream 
channel because the surveyors in 1854 noted the ciian- 
nel widths between section comere; therefore the 1959 
measuremeints also wm« made aloi^ section Unas. 

Tlic If'nortli ;ini1 (1pj>|1i of the rhiuitiol of Piinoche 
Creek also have changed since 1854. The fanhead 
trandi was i miles long in 1854 and 10 mike long in 
1959, and the channel has been deepened by erosion in 
some places as much as 25 feet. 
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The changes in the channel of Panoche Creek are 
1«88 noticeable on the uppermost fui.fleginait than on 
the woond fan segment away from the hilk. The 



average depth of the channel on the upperniost aep- 
tneiit is less tluiM on the second segment, and the width 
of the ehannd on the uppermoifc aegmenl haa ineiwued 
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froin about one to three times the 18S4 width, but the 
channel width on the second segment has increased 
from about 2.0 to 17 times the 1864 width. 

Some of the changes in Arroyo Hondo (Dry Creek 
on the 1881 map) since 1855, based on maps made in 
1855, 1881, 1924, and 1954, are shown in figure 80. 
Sometime between 1890 and 1924 the name "Dry Creek" 
was changed to Arroyo Hondo, which is Spanish for 
*'deep stream,"" possibly becaoae the channel had been 
deepened, not only on the alluvial fan but also alon^r 
the valley in the foothills. In 1856 the entrenched 
stream either did not exist or it did not extend more 
than one-quurter of a mile into the valley. Figure 80.4 
shows two channels on the Arroyo Hondo fan. These 
may have been deep parts of some braided distributary 
ehanneL^ on tlie fanhead rather than principal chan- 
nels. By 1881 a more noticeable channel had formed 
aloni; the valley of Arroyo Hondo and this channel ex- 
tended about 0.4 mile onto the fiuihestd. The dis- 
tributaiy channels are still present, but now one is 
shown to be discontinuous and the other apparently 
has a new downstream extension. The .Htream chan- 
nel had its present position in 1084 and appears to be 
an ext«ision of the channel near the foothills to the 
•list t iliiitiirv < lumnels farther downslope. 

Tho Iftiors R and S in figure SOf imil snp mark 
the location of dams built in 1890 and 1907 respectively. 
The dams diverted the flow of the stream into ditdies 
whii'li were used by the early settlers to caiTy wafer 
out to tlip vallpy The original channel downstream 
from these ibims Is ]> i t served; immediately downstream 
frnin (iiiin II it is ii!>o\it 0 feet deep am] <lo\vn'Ktream 
from dam S about 10 ffet ilee(). In 1959 the channel 
was 27 feet deep adjacent to dam R and S8 feet deep 

jiicfiit to (liim S showing tlmt the stream channel 
Imd dtt*j»eneil IS feet adjacent to diun R since 1890 
and deepened 9 feet adjacent to dam S since 1907. 

.\eria! photograplts of the fan of ^^oreno Gulch 
taken 111 1940 showed tliree deep discontinuous gullies, 
apparently similar to those on the Arroyo Hondo fan 
in 1881. Small (am were at the down-sloiie enr] of 
the three gullies and at tlie end of the autin channel 
of Moreno Gulch. Farming of the land prevented 
the discontinuous ptillies fmni licroiniiig a continuous 
channel. Enti'enched streams uitpurently Imve formed 
from diseontinnoas fnllies in other semiarid regions 
fRn-nn. 10-2S, p. -279 I : Leo|H>ld and Miller, lOSft, 
p. 29-3;-i; ischuijuii uii<i Hjulley, 19.')7). 

CAUaSS or the rAKHSAS xbsmckiiiq 

Channel tranehing has been ascribed by most authors 
to peiiods of increased mnoff during which iloods 



deepened stream channels. The increased tuiiofT has 
been attributed to the removal of vegetation by over- 
grazing and to climatic fluctuations. 
Accelerated erosion in the southwesteni States was 

ascrib<^<l to overfrraz.injr by Ric li (1911), Bailev 
and Tlionithwaite, Sharpe, and Dosch (1942). Oji the 
ot her hand, Gregory (1917, p. 182) said that some parts 
of Arizonn not iwd for gnrazing present the sf»me 
features us tlie aiwiii that were overgrazed. I^opoid 
(if.'jla ) studied the vegetation of .several areas in the 
southwest, that hod been photographed between 1895 
and 1903 and again between Id'M and 1946. He con- 
cludeil that better quality forage tnight have been avail- 
nlile in some sjiots nt the turn of tlio eentitrv. Imt his 
geiieiul iiapietiision wjis tliat there has been little change 
in the volume of growth during the 50-year interval 
ni il tlierefore that grazing was not a prinuiry cause 
of arroyo cutting. 

It is unlikely that oveqprasing was the dominant 

factor ill starfini: Ur' i^hannel trenching in western 
Fresno County, because traces of older gullies on some 
tana indicate that fcnhead trenches existed before dieep 

were I>rn\irrli! into California in and before larsfe^ 
scale cattle ranching was introduced iu western Fresno 
County. Adolph Domen^e (oral communication, 
.Xiivjust inr.rt), a rniirlier, said tlinf There are more stock 
now than in the 19th century because feed and wafer 
can be brought in now to support the herds dnring dry 
years. 

Severe reduction in vegetation might increase tlie 
runoff to the streams and ]>erhaps Bryan (1928, p. 281 ) 
was (los.c to the truth wheti he said that "* * * (lie 
introduction of livestock and the ensuing overgrazing 
ehould be regarded as a mere trigger pull which timed 
a change about to take place.'* 

Variation in the intensity and amount of rainfall 
is the mot>t likely regional cause for the fanhead 
trenches. Richardson (1945. p. 17) and Antevs (1952, 
p. 382) <5f!(ted that vegetation is the immediate factor 
controlling erosion which in turn is controlled by 
precipitation. 

The precipitation records of five T^.S. Weather Bureau 
stations were examined to determine if trends in the 
amount of rainfall coincided with the times of fanhead 
trenchin<r. Tlipse weather stations are: NVw Idria in 
the Diublo Bange; Coalluga in a sheltered valley ad- 
jacent to the San Joaquin Valley; Mendota Dam sta- 
tion in (111' trolled) of the San .T(M(iuin Valley; Fre.sno 
on tlie east side of the San Joaquin Valley; and Sacra- 
mento in the aouthem Sacramento Valley. Their loca- 
tions and altitudes are shown in figure 81. 
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9nmm Cl.— lata awp «f ccBtnl CUIfmto ■boiwlaff loMdim aad «ttl- 
tmto, In fMt, «f wMtbOT ■utUM* MArNd te In tUt nport. 

Tha tnitda of the annual rainfall (Weather Bureau 

climatic year July l-Jvine HO) ;U the five stntinns are 
shown in tigure S2 ; second order moving averages were 
used to remove nanae imgularitiea in the cunm Tlie 
patterns of minfall at tlie stntions- are similar des|)ite 
the variety of physiographic settings and the distances 
between fltationfl. This aimilaritysugjgests that cyeloiiic 
storms that move southeastward across the Pacific con'^t 
are a common source of minfall for all the stations. 
Annual Tiinfall deereaaes fcneralljr from north to aouth 
and increases with an increase in altitude. The Xew 
Idria station, at an altitude of 2,650 feet, receives only 
slightly less rain than the Sacramento station 150 mile^ 
to the noiih nt an mhiftuleof :'>n feet. 

The period of highest rainfall, well defined at all the 
stations, -was between 198S and IMS. Although several 
pt'iiks of excessive rainfiill lM t\\i<^n and 1910 are 
shown on the Sacramento record, the broadest liigheat 
peak ooenired in the general period 1875-85. The 
Fresno eeoord shows h'jghs during the same time inter- 
val. The 1875-85 and 193»-45 intervals coincide with 
the two periods of fanhead trenching reported sinre 
1854. This coiirhision conti-ust^ with rho work of 
Thomthwaite, Sharpe, and Dosch (1942) and Leopold 
(1961b) who, in their disenaaioiw of accelerated erosion 
in the southwest, suggested that there is no sifrnifioaiif 
relation between annual precipitation and periods of 

Leopold (1981b) pointed out that the New Mexico 



i reooida show significant trends in tlie number of rains 

I of a given size cfroiip. TTe showed that lietwoen I'^fiO 
and 1870 there was a decrease in the annual number of 
rains of 0.01-0.49 inch in a day, and he pointed out 
that this derrense wovihl weaken prote.-'five vegetation 
such as summer grasses. Tiiis, combined with a high 
fraqueney of laine rains at some stations, apparently 
contributed to the m tehiirtted erosion. The trends of 
the daily rainfall size clasps of California stations were 
analysed in about the same way as Leopold treated the 
New Mexico data. 

Figure 83 showa the trends of some daily rainfall 
size classes at Sacramento. Rainfall of 0.01-0.24 inch 

I>er day would promote tiie growth of grasses but would 
provide little runoif. The numlier of rains in this size 
class was at its lowest level for the years between 1881 
and 1000 and about nvernge between 19.35 and 1945. 
Bet>veen 1875-95 and 10:}5-45 the number of days of 
rainfall of more than 0.50 inch were among the highest 
on reconl. Tliese heavy rains would produce above- 
normal runotr to erode the .stream chaimeh. Again, 
the years thnt had n higli frequeticy of large daily 
rainfall coiiii ide with the titnes of kiiown arroyo cut- 
ting in western Fresno County. A comparison of 
figures 8t2 and 83 show's that periods of large annual 
rainfall were also periods of niore than the nsua] mnn- 
Iter of large daily rainfalls. This suggests that in this 
region years of high annual rainfall coincide with years 
of abnonnully large i)uinl>er<! of large daily rainAills. 

Mendota T)nni is the only station in we.stem Fresno 
County for which daily ruin fall re<'ords are arailable 
n.s far back as 100(). Tlie trend in the nmoinits of daily 
rainfall are .shown in ligm-« 84. Daily rainfalls greater 
than o..')() inch are not as common at Meiidota Dam iis 
at SiK ramento. Tlie period between 1980 and 1945 
shows the same general characi eristics as the Sacra- 
mento record except that there was a high frequency 
of daily rainfalls in the O.oi-0.24-inch-size class as well 
as a marked increase in the 0.6(M).99-size class. The 
pronoiniced peak in the 0.50-0.09-eize class coincides 
with the i>eriod of high annual rainfall and with the 
time at which channel deepening was known to have 
occur reil. 

The lainfall analyaea ofliBr « leaaon for the arroyo 
cutting that began on »omc 8tre«ms about 1880. The 
periods of mmt of the arroyo cutting (1875-95, 193S- 
4ri) also were periods of above-normal daily and annual 
rainfall. .\. cornl>ination of a high frequency of the 
large rainfalls and u low fivfjuency of the small rain> 
fulls coincided to produce above-normal runoff and less 
vegetation, thus allowing the alwve-normal runoff to 
erode the stream channels. Once started, channels 
probably became semipermanent although tb^ may 
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have been partly filled with deposits during di-\' period!; 
sucli as l92()-:\') and 1015-52. Fijrnifs 83 and 84 show 
A low frequency of large rainfalls during dry-yonr 
IMriods and tliere<ore few large mnoffs to keep the 
channels scoured of the material deposited in theni by 



small amounts of rnnoif. About 1935 the ehannds 
bopan to l)o deej)encil af^nin, coincident with another 
{>criocl of high frequency of large daily rainfalls. Re- 
newal of channel entrenchment resulted in the terraoea 
within the fanhead trenches. 
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SUMMARY AND CONCLUSIONS 

Between the trough of the San Joaquin Valley and 
tlie Diablo liange in western Fresno County is a bell 
€f COftkMUIg allllTial fans 12-19 miles wide. The 
shapes, areas, slopes, and histories of deposition of the 
individual fans reflect a tendency toward a state of 
equilibrium, or balance, among a complex set of OCMi- 
trolling factors, which include the area, lithology, mean 
slope, and vegetative cover of the drainage basin ; slope 
of th« stream channel; climatic and tectonic environ- 
ment: and the geometry of the adjacent fans and the 
depositional basin itself. Change in one or more of 
these factors will tend to cetne a mdjnetment of the 
fan morphology. 

Tlie fans are derived from drainage basins that are 
generally siinilar with respect to topo^phy, climate, 
and tectonic environment but that range in size from 
0.2 to 296 square miles and in lithology from pre- 
dominantly sandstone to predominantly nnulstone or 
shale. Til© fan slopes range from 10 feet [wr mile near 
the base of the larger fans to 150 feet per mile near the 
apeies of some small fans. Fans derived from tnud- 
stone or shale-rich basins are generally 35-75 percent 
steeper than fans of similar area derived from sand- 
stone -riiii Imsins, and mughl}' twice ftS large ns fans 
derived from sandstone basins of comparable size. 
These facts indicate that the volume of fan deposits 
derived from tlie two rock types differs; presumably 
the difference can be attributed mainly to the greater 
erodibility of the mudstone and shale. 

The eqaatimis expreadng these relatiMM hetween fan 
area, /I-, drainape-hnsin arc:!. .1 ., and fun slope, Sf. 
are as follows. Drainage basins underlain by 48-86 
penMnt mudfltone and flhalo : 

5,=0.023/li-»" 
5r = 0.034.4 ,-«»• 

Drainage basins underlain by 58-68 percent sandstone: 

5f/-»0.022.44-'»« 

The overall radial profiles of the alluvial ftins are 
gently concave, but the slopes do not decrease at a 
Uiufonii nito (iownslopo finni the nppTC?. Tnsffad, tlie 
radial profiles of most, of the fans consist of several 
straight'lin* segOHOts. TIm surfaoea represented by 
these scpnents form bands of approximately unifonn 
slope that ore, in most cases, concentric about the fan 
apexes. The fna wIhwo streams head m the foothill 
belt have three segments, each of whii h bus a constant 
sbpe. The fans of streams that head in the main 



Diablo Rnnec have four segments. The (hrw lower 
segments have constant slopes, but two fans have upper- 
most segments that are concave. 

The changes in fan slope are associated with changes 
(hat liave occurred in the slope of the stream channel 
upstream from the fan apex. Longitudinal profiles 
of ten-aces show that intermittent uplift has changed 
the slope of the stream channels upstream for most fan 
apexes. Hie slope of the aiea of deposHion and the 
slop© of the stream channel upstream from it tend to be 
the same. Therefore, changes in the stream-channel 
sIo{>e caused by intermittent uplift have caused ehaages 
in the slope of the succeeding depositional surfaces and 
thus have produc«d the fan segmentation. 

Sfost of the fans are associated with stream channels 
that have become steeper as a result of the intermittent 
uplift. Each time the channel was steepened the suc- 
ceeding fan deposits formed a new fan segment of 
steeper slope that was deposited on the upper part oi 
the jireexiNtlng- fan. 

Tlie Little T'amK-he Cieek fun. liowever, has a hi.storj' 
that is associated with progressively gentler stream- 
channH adieiits;, i>ecause the rate of downcutting by 
the stream lias exceetled the average rate of uplift of 
the reach immediately upstream from the apex. The 
intermittent character of the uplift resulted in the cut- 
ting of a scries of pairetl terraces which presen'e a 
record of the deformation of the mouniain fmnt and 
fanhead areas. With each uplift, the end of tlie deep- 
ened stream channel moved farther down the fan. 
After each episode of trenching, the lower part of the 
stream channel and its adjacent area of fan dei)osition 
ultimately attained a more gentle gradient than 
previously. 

Profrre'^.'^ive 1i-encliin<T and e\ten'>ion of llie dowii^lopf 
end of .stream channels would in rni- alsn in tefioiitcaily 
Stable areas. In such cases the overall fan profile- 
including upper reaches long sitice abandoned a<« aira? 
of deposition — might be expectetl to show a smuoth 
curvature, as the result of a gradual and continuous 
flattening of gradients utid downslope migratifm of the 
locus of deposition. Under these circimistances all but 
the uppermost e<Ige of any given con.stant-slope fan 
segment would be covered and oblitemted by subsequent 
downslope deposition at progressively thuter gradients. 
In the case of the Little Panoche Creek fan, however, 
intennittent uplift and arrompanying ciiannel f ranch- 
ing repeatedly cause<l ra|>id downstream displacement of 
the locus of deposit ion. In this manner the in(«rvenin|r 
part, of the preexistinjr fan slope was pre.«!er\-pd, to- 
gether with a set of paired terraces whicli tenninates at 
the upslope end of the fan wgment that was leoeivinir 
deposits when the tnraoe cutting started. 
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Fan segmentation is useful for deciphering part of 

the tectonic histon^' of some moimtain ranges, and in 
certain rases, segmentation may lie an indicator of 
dunatic change, because the fan profile and the relative 
age of the fan segments reflect part of the erosioiUlil 
and tectonic history of the drainage basin. 

The strejim channels of the nlhivial fans may be 
braided, straight^ or meandering. Some of the channels 
are not perpendicular to tlie contours of the fan. Xat- 
unl levees are a typical feature along intei-mittent and 
ephemeral stream channels, where streams have flowed 
over their banks occasionally to deposit sediment as the 
flows spread out and decreased in velocity. 

Reports of early settlers, old map.s, and field evidence 
indicate that two periods of fanhead trenching, ap- 
parently unrelated to teetoiiie activity, have occurred 
since 1854, when many fans were reoeiviqg deposits near 
their apexes. 

The trenches genenlly have a maiimum doptli <»f 
20-40 feet, and commonly terminate at the downslope 
ends of fan segments. The downslope part of many of 
the trenches tends to be eroded down to the same slope 
as the adjacent lower fan segment . 

The fanhead trenching occurred principally during 
two periods of exceptionally high annual rainfall: one 
from about 1875 to 1805 and the other from al>out lO-^S 
to 1945. These periods of high annual rainfall were 
also periods of h%h frequency of large daily rainfalls 
and about average frequency of the small daily rain- 
falls. Most of the small dally rainfalls would be al>- 
sorbed by the soil to support vegetation that would tejul 
to check erosion, but the larger niins would furnish the 
large nmoff required to erode the stream channels. 

Selict fanhead trenches, nearly obliterated by filling 
and bank slumping, may be seen on several fans, indi- 
cating that relatively short-tenn cycles of trenching and 
backfilling of the main stream channel may be a typ 
ical morphogenetic response to aliort-term climatic 
oscillations. 
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EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT 



CLASTIC S£D1M£NTAT10N IN 0££P SPRINGS VALLEY, CALIFORNIA 



Bj L&WUKCB K. LOBViO 



A UWl'R ACT 

Thld rp|K>rt treat* the sIm tliHtribution of m^imentary de- 
piMltB to Deep Sprlns TiOlejr, CaUt^ and tlie fonnadon of 
aUoTlal fMM. 

Tbe dlitilimtlMi at clMth! awUBents and (he parameicn 
of tbe tdw dlalrlbatlAii luiy# Ymn iiiapiwHi when pomlble. 

MaiM of til'- tiH'jiti si/,f. menu riiuiidiifss. iiiul lllliiiloicy f>f 
(lObbleti. uiid the wflRlir i><-r(<-iitni;<- "f (trttnulM auri Hilt ; tlay 
ratios of the ^tnniuU- tii-<lii.v size frurtlon are prtwntiHl. Maps 
uf tbe mean Nize, KCaiulard deviation, ttkewnens, and kurtooiii 
of the grannle tu-clay Mice fraction are also included. Tbe 
lameat iiarticlea exhibit flactoatioo In alae la a dowafan dl- 
rwaoB aad eanioe be uanied <m a Kaaooable eontoar In- 
tenrml: tbe rdatlam of maximum particle sixe to local »\o\te 
in ahown on Matter diagnuiui. These data Indicate that aize 
fliirioRtiou and imor nortiw ol acdIiHBta aie cfaaraeterlatk' 
of the environment. 

Granules ron^ in uliumlanre from aliout 3 <<) r> iH>n-eiit In 
tlie basiii center to aboot 18 to 20 panent near bedrpcii oat- 
crofia, Bacana* the •bmidanee «f teaoidaa ia piatait tn 
eamne iioljnnodal MdlnwntH— wberau UmIt abondaace de- 
t ' lwweii with deerauiing grata alie and tbe tendener toward 
uuimodality — it is sunteNted that grnimleu cunsist of uggrv- 
pites of Kand-Klsed t«rfl<'lej< tliai an- ru|ii(Uy redu»"ed to thetie 
c<>lti|(oneutH l»y metlmiiicnl w('jifht>rliiK rnltnT IliRii liy tlii' nc- 
ti<in of water. The general abiience of granuleo in ancient 
nedlnientx Ik tiMMigbt to be related to the scarcity ot dlacvate 
coiiatUtteBta In MtOKe roeka la tbe 2- to 4-aaa aiae rang^ 

Cbv la ocana In both ^ iwtAiee acdiiacnia «ad modem 
mndflowB. Xbe walilht p wwBt f a of etay la the graDnle-to- 
day fraetloB rangeii fnin obMH 0 to ft percent and averageii 
atmut 2 |>ercent in the SK) -.jiuiijIi-s sHuIIihT Silt i» rmir h more 
abundant than clay and in the primary uiude hi most rtf the 
|Milym<Klal MinipleK. The mapiied distribntlon of sllt-rlay ratios 
•howii that tbe«e ratioe are probably ituverned iu part by wind 
tranaport aad depoaltion. Hie i»ib of inHnite nilt ; clay ratioH 
In iiiterpteted aa a raiectloa of tbe prcaeot wind txack la tbe 
baaln. 

Tlie niii|0i of mean Hize, xtandard riorlntlnn. <t|;i^»'n('^. and 
kurto«lH of the irraiiule-lo-cluy M/t- fnictimi arc inlcrn-latwl. 
niid pro|)»T ititiTiiri'tal idii i>f Imtli ttic liisirilnitiini ami mixing 
of MHlinientH wilttln (lie l>aKis< in grciitly ai<l'-il l>y <<juKitlennK 
thin interrelation. The tailM of the ilistriiniioa, namely 
sraaulea aad silt-clay, are aliowii to be of priuary iaiportaDoe 
baeaaae tbar amrt a maifead tfltel n|ioB the aeraral puaaie- 
ten. akewiwit and kvrtoaia are diowb ta b* aiaviNbla aad 
vaatal pammetmi la ancb aladtaa. - The Md Mm abawa, 



for example, defines a jmiik of ec^iiiueut mixing in tlif iianiii 
becau.se it reflect* a balance between the tails of itu- slz*^ 
diatributiuu. Kurtoide iaapleths. bowerer, show a high that 
txcnda acroaa tbe aero ■fcewneai flaM, iDdlcatinc that, attbovtfl 
balaace of the tails la attatawd. the minit»de oC tbe tpnad 
of tbe talis Increasea. It Is thongtat that sliewneBS and 
kurtimlH. which are commonly neglected iu basin Mtudloii, 
provide information of a nature not attainable by other meanK. 
Moreover, abauiute values of kurtuHis may be of InijKirlatirc 
in Hediment tranoiHirl problems beoHUxe thene values pr<>)>- 
ably reflet't the <-i>inpetence of flow ti» some extent. 

A semlqaantitatlre method, iwsed vpon ucoanrement of tbe 
Intcgnted tatenrity of Qte (001) nfeetton. waa naed to de- 
temlaa elay-minecal ratkuL The data aihow that a eonalder' 
elite range of montmartllonlte: inite valnes ocettni despite 
the rattuT iiniforui rlliiiiiiir rdtidlf Ions lInU iircvail. tlnis sxiti 
geKliiiK a ri'latiiiu Ui'twfcn clay niim=rals mini wmrtt-rock cum- 
|)i>.«ltliiii Kaiillnlte and tun ililiiriti- comprltie about 20 per- 
i.«nt uf the average sample and are relatively constant ia 
abaadaag e . 

The competence of transport is approximated by asioB field 
data to esti mate tractive force in the expression r = v dS. Maxi- 
mum particle ftize and local slope values ar< ^u1i;<titul<d for d, 
the depth of flow, and S, the slope of the energy gradient, respec- 
tively ; the specific weight y is omitted. The dS products, which 
are direclty proportional to tractive foroe, are given for about 
GOO sampling ctattoaa, aad the dlatributloo of values is shown 
byauva. 

A wtn oforlhoianali, drawn through iaopleth treada, i* thought 
to represent paths of sediment transport. Tbe pntBatira poial- 

bilitiei* of tlie method are tested, and the results show that tbis 
particular of ortliOKotml- iloi-H rcprr-'i nt n-dimi iit (raiiRporl 
paths lircau^'c tin onhonotial" coincide w itli Bctivf' channels on 
alluvial fans Tin- rcnult- al^o show that Iraitive force within 
the oliatinels is generally greater than that associat*^! with surface 
sediments. It la auggettcd that this implies a change in process 
and that tbe greater (raetlve foroQ aaeoslated with the modem 
prooeaa results ftam an Inerease in tbe average deaslty of ihiw. 

Tbe data end olMervallons of alluvial fatm acquired daring 
Ibis invextigation sugxest that the following characteristics of 
fans are common to tho««' in tlie w^itcni iwrt of thi- CrPHt 
Basin and perhaps to other fans as well ; any hyptitbesls of 
tbe fonnatlao of the faaa mast tbeteten aeconat for these 
featniea: 

L The led ot depoeition on altaTtal faaa have dOf M fkna 
areaa well within their catcbannt aieaa to the ariddte 
teaebes of fane, fkr below tbe aionataJn fMnt 

in 
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BROBION AND SBI»IldENTATION 



Df A SmiAllID INVIBONiaNT 



2. Trenehes in the ajiex reifinnn of fans sro misfit rplntivp to 
piVH^nt flow conditions i>y rvajton of ilifSr t'\ii-ssive 
depth, which riuiKis tn nhfuit 2ini fit^t. 

a. Pnim! terrac«8 tliat are contluuonii with fan aurfacea oc 
< iir w ithlii cAtdnievt um» aim! oMjr extend to the di- 
vide. 

4. AbAndoMd bnMed dMuml* oecor m tut eairffteM At 
higher eteTAtlooa thaa floara of the maim aetlv« 
dMnneln. 

fi. Fan ><iirritri-s and atMindoned rbiiniu'ls t-\hiblt de«ert var- 
nlHb ami lori weathering Htatu, wbt^ri^ao in the active 
ohannclx and on modern depoHltH these nre aliNfnt. 

6. Hanging fan* ocrar in tributar; ranyona within the catcb- 

iiMat mm, and Hwir anifaces an conthniew with both 
temeee Aiitf Um amCaeee below the mMntalB isaaL 

7. The estimated tractive force la greater within the active 

cbunuelK than on fan fiurfaceti. 

8. The percentaees of I'iny and oricanic material in both anr- 

face oediineutt) aoil iii<.<l(-nj mudflowt; arc i'\ln'mi')v small. 
The appllraidllty of three general hypotheaes at the fnrma- 
tiun of alluviiil fiiiiv, namely the evolailotiary or DavlRian, 
dyiiamlc equUlbriuiu, and climatic, la dlecnaeed. It la con- 
cluded that althongh certaia eitemeiita c( truth aia coatalned 
wtthlR each of tbcee three hypetheeee. th» ^Mtk mpluA- 
tloo can beat account for (be cberactcrletlce dted above. It 
is tli'Might that the ••ondititms ami <t>iis<'<|Ui'nci;'H ■■f one <ll 
malic cycle, of the weveriil dint have o«iirrpii diirlnn the 
formation nf tin- fau'^. urn iis fi>lliiwi». 

DuriiiK a period of fan bnildliiK. aKRradation occorred within 
ratchment urean and on fan Hurfaceii. be l aw the OMNIBtaln 
front, at correlative levele. Precipitation wae mere <rc«Mtit 
and mora wldeaprtad than todaj. In reapenee to fhla climatic 
reglnie. the abnadanoe of both cUv and veaetatlon waa gr«ater. 
and the fan mrfaces were more reatatant to eroelon. Water : 
sediment ratios wnrc hiKher, and the medlam of tr«iisi>firt 
had a le!*wr tractive force. Floods of more frequent 4m.-- 
cnrrenre opilled over numerous Hhallow channetn onto the fan 
snrfaoea. qireading biterally as they emerged from tbe moan- 
tain front. Scdlmeeit d e p ae l ied otcr wide anna of tbe 
fhna aa a co ma cqaeaeB of theae cooditlona. 
.Climatic change waa monlfMited by a change from wide- 
KI»read to local precliiitiitir.n iirul by a lettner frequency of 
pre<'lpitation, ThiK ri-<iilti'<l lu n ri-rtuction of veicetatlon and 
II (li'cn-usc ill the iitimKiiiucc of i lay. Hold ritti'ltment slopes 
and previous <te|Hi*UK Itet snie more eaBily ertKllble. thus con- 
tributing toward a reduction In tbe water : sediment ratio of 
a given flood and tbe more freiinent occorreoce of mndttows. 
llMae llowa of greater deniltjr. Tfawoaltr, and traetlee ftirce 
deepened Ok tniafc channels In «aKhnutnt area* and trenched 
tbe npfier rmebm of ibe fanx. Tmncee in eatthment areas 
:itu! luuiiriiii; fans iti tributary canyonn were thus produced, 
and the wedliufiit rtiiioved in the process was dejKislted far 
dnwnfan. 

The shift of the loci of deixiNttfon downfnn, in reniwnse to 
cliiiiiitic conditiotia, produces growth of fan^ at their lower 
lKiniidarl«H and a gBuem) deceeaae of elope In the upper 
rcncbcs. Tbe sediment added In tbcae lower teachae la re- 

dlfstributed and lncon>nrated Into the basin fill dwiat the 

xul>se4|uent ciiiiiRtic episrHte. At tbts time, lake levels will 

rise. ll'<- ir.Mutii--- ;:rii.lii;ill;. tilt with -ledi it, and «|!- 

Kriitliititin in (jucliiueiit arcus niiil on fan Mirfncew will again 
• Ml nr. 

Tbe morpbalogy of faita thna leiida toward euaiUbrium witli 
aucoeaslTO dhnatlc flnrtnatlona The attainment of such 



equllllirliim. Ihjui-mt. Is a function of tlic liiirtit Ion anil intpii- 
aity of I'uiU cliniatic cpliuide, and It may or may not ixxur 
during these pitIikW, Pan growth iir>iii viinvani ami out- 
ward, durine (iltcnmte intervals, and will continue for some 
Unite i»erlo<i. lit the end of which tinw a given basin will be 
oeopletely filled witti itcdliiK-nt. 

INTRODUCTION 

Two of the most common generalizations that emerge 
from the litaraloie on alluvUd iang are (1) loeel floods 
in arid re^nons transport sediment to thr mnnntain 
front and deposit it in a fanlike form as a ooiiBequence 
ot A deenase in gnAant and the abaenoa of latoral 
restriction, and (2) atluvini fnns nrv (he product of a 
balance between erosion of the mountains and deposi- 
tion in adjaeent baains. 

Although each of the foregoing' stftteineiu.a appears 
to be quite loj^cal, their widespread aciseptance tends to 
obaenre tha fact that the fcnnation of anavial fana 
is poorly understood. The problem cui Ix^st be con- 
sidered in terms of its component parts, namely: 
(1) What is the diatrilnition of sedimanla on alluvin! 
funs? (2) ^Vhat is the competence of the transporting 
medium Y (3) What is the dominant mechaaiam of 
aeditnent transport today 1 (4) "Haa this or another 
transport niccliiinisni Imn doniinant in the past ? 
(5) What is the nature and significance of cliaunels 
on alhiTial fanst (6) b the modnn procem one of 
fan building or of degradation ? (7) Does this pm<'t>st. 
differ from Uiat of the past! and (8) is the rate 

<tf the modem pnxMaaf 

This study was undertaken to answer these ques- 
tions and therohj enlarge our nnderstnnding of the 
formation of alluvial fans. A considerable part of Uie 
paper is devoted to question <1) abov«, the diatrilnition 
of sediments, and to such cotnponent questions ;»^: 
( 1) Wliat is the i^ize distribution of sediments ou allu- 
vial fans and on the valley floort (S) Are all tlie 
aedimentary pnrnmHen mappablef and (3) Which 

ptiramcters wmild wrve to characterise the clhStic 
sediments of a bolsun environment! 

The field investigation ooverad by this report oom- 
prised 8 months during the summers of IfCO nnd IWl 
in eastern CalifoniiA and western Nevada. Quantita- 
tive data were obtained in Deep Springs Valley, Calif^ 
antl obsprvations of a qualitative nature, particularly 
of ohiinnels on alhn iai fans, were made in Fish Lftke, 
Eureka, Saline, pHiianiint, Dtsalh and Owens Valleys. 
AU are in the general vicinity of Deep Springs Valley. 

In oon^^idering the question of the dist ril>uiioii of 
sediments within the environment, the hrst four mo- 
menta of the ase-ftet]tiLiit y diatribntton ware studied. 
If conelunons are baaed upon study of but a nngk 
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parameter, such as the mean size or median size, then 
it must be assumed that this parameter is the moat 
ngnificant. The writer would hesitate to bmIbb this 
ammptioD, becauae tJie aignificanoe of other variables, 
sneh as kuitoois, is not well understood. For this rea- 
son tlie mean size, standard deviatlMii ikBwness, and 
kurtosis of the size distribution were mapped, thus 
providing a Bound baaia for a discussion of sedi- 
ment miimg and the geoloupe significanoe of thna 
parameters. 

It was tliought that the beat approadi to the question 
of possible diftg— WM between the modmi and former 
processes lay in consideration of the competence of 
the transporting medium. Accordingly, a field approx- 
imation for this variaUa waa aon^t and the results 
mapped. The ooodosions that an presented, regarding 
differences between past and present processes, stem 
hu];e|7 from a oonaideration of these maps iuul tUnr 
implications and an supported by other data and field 
obeenrations. 
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PHYSICAL SETTING 

OXOO&APHT 
lACanOM AMD TOMKMUnr 

Dw.j) Sl>rin^ Valley ip located in f h(^ woBtfim part 
of the Great Uasin, one mountain range east of Owens 
Valley, Calif., and approximately midway between 
Mono Luke to the northwest and Death Valley to the 
southeast. Considering the Great Basin in its entirety, 
Deep Springa Talley ia an atyfHeal baain only by 
reason of its small size and jwrfect closure (pi. S). 

The Wliite Mountains border the valley on the west, 
as far aoodi as Westgard Paaa. Sooth of the poaa, 
as well as on the east side of the valley, tlie name Inyo 
Mountains is applied. Tlie maximum relief is about 
3,100 fetH in the vicinity of Deep Springs plajra and 
about 5,600 feet in the north end of the valley. From 
the northwest oomer of the drainage basin (pi. 8) to 
a point about 10 miles aonth along the divt^ eleva- 
tions generally range from 10,000 to l!,0OO feei. Eleva- 
tions decrease gradually to 7,300 feet at Westgard 
Pass, then rise again and average about 8,600 feet 
'. ii 'ind the south rim of the hasln. Elevations else- 
where are generally 6,000-7,000 feet at the divide, ex- 
cepting bnaka at Soldier Faaa and Piper Honntain 
which are at 5,400 and T,T0O feet, reapectivaly. 

URAdAOK 

The interior drainage of Deep Springs Valley is 
typical of «loeed banns. About 40 ephemeral streams 

enter the valley proper, an area of alHuil 47 s<)uaiT 
miles. Total drainage area of the basin ( pi. H) is about 
144 square miles, exeloalve of the valley proper. 

The relation between fan an-a and catcliment area 
noted by Denny (1965) in Deat h V^alley does not hold 
in Deep Springs Valley. The Wyman-Croohed Creeks 
drainage area, for example, is nearly equal to the entire 
area of the valley (pL 8) and is about three timaa as 
large as the Westgard Pass eatehment area. Plani- 
njetric measurement of the resix-dive fans from either 
topognphic sheets ok aerial photographs^ however, 
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would hIiow flifil tliey are rouphly equal in aroa. 

Several reasons exisl for this disci-«pMncy lx»tween 
fan ana and ettehment area. A relation In rwi^n the 
dmiiia«rp «ren of n watershed and discharge has lxH>n 
demonstrated by many workers, l>ut correlation of fan 
ana with dndnags ana implien that the planimetric 
nipfimipcmpnts reflect vohimes. Clearly, the basic rela- 
tion iiiviilviid is that the volume of sediment removed 
from a piven iir;iiiia<.ne basin should equal that which 
is deposited below the moimtain front. Because differ- 
ences in relief can occur despite equality of watershed 
anas, the planimetric measurement of drainage areas 
may not afcurately reflect the volumes of sediment 
(hai have been removed. Likewise, such measurements 
may also fail to reflect the volumw ot ndlment in 
alluvial fans, because planimetric areas are a fnoctiOTi 
of the surface slopes, which will vary. 

A s^ond considention involves btisin tectonics. It 
U not reasonable to a.%ume that the downfaulted basin 
floors are horizontal in the light of much aeismic evi- 
dence to th« oontrary. Tlie vulunm of WMHBMmt in 
alluvial fans may therafote differ becanae of basement 
tilting and subsequent burial of sediment, despite pres- 
ent wfuiTstoBt snrfsca npnarion. 

ALXirviAIi FAMB 

Eafh of the ejiheiiieral streams in Deej> .Sjtrings 
Valley traverses an allu\ inl fan. The fans are larger 
on the west and northwest sides of the bann than 
on the soiitlieast. The larger fans ppnerally cxtpnd '2-3 
miles from their apexcij into the valley, whereas fans 
in the vicinity of Paiute Chute (pi. B) can be ass small 
as a fpw hundred feet in extent. The depth of allu- 
vium is unknown, but it exceeds 700 feet in the vicinity 
of the bench mark in the north end of the valkty (pi. 8), 
where a waferwell of this depth did not reach hedrcx-k. 

The general Uisjiect of alluvial fans iii Deep Springs 
Valley is similar to that of fans elsewhere in the Basin 
and Range prtninre nnd need not be considered in 
detaiL The most important features of fans, the active 
and abandoned channels, will be tnated below. The 
approximate limits of the two futis disc ussed extensively 
in this report. Antelope Springs and Wyman-Crooked, 
are shown on plate 8. 

Although some fans an dearly defmed, merging of 
adjacent fans is not uncommon. These produce ,i con- 
tinuous apron of alluvium and render difficult the task 
of drawing individual fan boundaiiea on maps. The 
merper of the Antelope Sprin^rs fan (pi. ^) with those 
adjacent to it can be seen in figure 85, and the apron 
of debris that oocnn sonthesst of the playa is diown 
in fitrure 86. The darker areas visible owe their color 
partly to a preponderance of dark quartzite, in con- 



*rvir' to much white marble on the Antelope Spruigs 
fiui, and partly to the presence of varuijih aiid desert 

pavement. 

An orcurrenre of color contrast on a single fan that 
does not result from the presence of a desert pavement 
is found on the Wjmian-Crooked Creeks fan (fig. 87) 
in the north end of the valley. Although tlie dark area 
tscen in the background contains a greater abundance of 
basalt than other parts of the fan suifaee, much of the 
color contrttst results from the presence of weathering 
stain or varnisli. No closely packed mosaic of stones 
occurs, however. Both the spacing of particles and 
range in size is comparable to that which occurs else- 
wheit: ou the fan. The presence of varnish in Deep 
Springs Valley is thenfbn independent of desert p«.«a- 
ments, althonph lK>th may occur together. 

The alluvial fan.s considered in detail in this report 
an too few in ntimixT to provide valid oomlatiwna 
among such variables as slope, drainage area, and 
lithology. The data obtained suggest^ however, that 
fans containing coarse debris are generally of steeper 
slope than, for example, the Antelope Springs fan. 
The slope of the latter ranges from 3 to 8 percent over 
much of its surface, and the largest particles present 
do not exceed 4 feet in intermediate diameter. Slopes on 
the Wymaa-Crooked Creeks fan (fig. 87) range from 
about 2 to 11 peroent and boulders &-8 feet in diamefcer 
are not uncommon. Still greater slopes and lai;ger 
particles occur on the fans rimming the soath end of 
the basin (fig. 86) and on Paiute Chute (fig. 88), just 
north of the playat On the other hand, the reentrant 
(tig. 8Q) just north of Crystal Peak (pi. 8) is as much 
as 16 percent in slope and consists mainly of granitic 
sand with few large particles. Particle size ia, of 
course, largely a function of the lithology of the Botnos 
area and the presence or absence of joints, cleavage, and 
other structural features. Given a source rock that 
prodnoes no particles laiger than cobbles, for example, 
neither discharge, slope, nor any other factor can 
enlarge the resulting particle sise. Fans consisting of 
th« &ier debris oontribntad by sndi a sooree rock, 
however, an.nmally of gentle dopSi. 

VBOKTATION 

The vegetation in the I>ecp Springs Valley drainage 
basin reflects orographic control. Sage and other 
shrubs floor the valley, attaining a maximuui m iLcht 
of about S-4 feet. The active channels on alluvial fans: 
are generally bare of vegetation, but scattered-to-dense 
siige oi curs on (he bordering low terraces. In the active 
channel of the Wyman-Crooked Creeks fan (fig. 87), 
however, phreatopliytes are abundant. This may reflect 
subsurface seepage beneath the ehamwl, which is de- 
rived from the perennial flow in Wyman Osnyon. 
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Fioi'sx M.— A«rtal t1«w of tlw Aolclope Bprlap fan ahowtoi lU ni«ri«r wttb Mljaecot iaas. Not* lb* moUM between the color of Ibe wdlioentj wltbln tbe eliauneif 
Mid that of the (an surhne, which l> dwkrr. The trmnslUaa (nm ■ reUUvrly ntnifht to ■ hrsUeid channel pottnn on the fun cnlnckin with the Bnt depetlllooal 
tone below the nvotmi«lu tronc Tbe lonper l*ke level at about i,2D0 (Ml and tbe linear rtdfes that mark the moat rcoeot etpauteo of Utap Bptlata Lake are i 
at A and B, ratpecthreljr. 



Piflon and juniper occur between elevations of about 
6,()00 and 9,000 feet, together with sage that becomes 
less abundant with increasing altitude. Above 9,000 
feet, the famous bristicscone pine is dominant in the 
White Mountains. These trees are restricted to some 
extefit by lithologj' as well as altitude. They are most 
prevalent in areas whei^ the white liee.d Dolomite of 
Precanibrian( ?) age crops out; this can readily be seen 
either in the field or on aerial photographs. The writer 
noticed liiat the rather gnarled bristlecones all ap- 
peared to twist in the same direction along their axes. 
Tliis was true whether they occurred on north- or 
south-facing slopes. From a chance encounter with a 
botanist in the mountains, who was engaged in a study 
of the trees, the writer leanied that "as everyone 
knows, the twisting is in respoiuie to the Coriolis 
Force." 



CUMATB 

rucimATioii 

Climate is also a function of elevation, as attested 
to by records fi^m the two weather stations in the area. 
One of these stations is in the White Mountains at an 
elevation of 10,150 feet, in the northwest corner of the 
drainage basin (pi. 8). The other station is in the 
valley at an elevation of 5,225 feet. The average an- 
nual precipitation in the mountains is about 13 inches, 
whereas it ranges from ;i to 5 inches in the valley. 
The maximum 24-hour precipitation for these two sta- 
tions was 3.10 and 1.50 inche.s, respectively. It should 
be |)ointeed out, however, that one cannot state with 
certainty that the latter- values were maxima in the 
area; they are maxima only for tlicir respective loca- 
tions and for the period of record. 
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During the winter months precipitation in the White 
Mountains is derived mainly fnm> the residue of cy- 
clonic storms that migrate across the Sierra Nevada 
and Owens Valley from west to east. Tlie s|>oradic 
occurrcncfi and distribution of thunderstorms and 
cloudbursts in desert areas in summer, however, is well 
known and Deep Springs Valley is no exception. Al- 
though the period of olwservation in the area was short, 
comprising only two summers, the writer gained the 
impression that (pertain tracks of thunderstorms aerates 
the valley were followed with greater frequency than 
others. The truck of six thunderstorms in 19t>l was 
from the southeast, over the playa, and directly across 
the Antelo[)e Springs fan to the mountains (pi. 8). A 
second group of storms also arrived from the southeast, 
but these entered the valley between Paiute Chute and 
the general vicinity of Soldier Pafw. These stonns pro- 
duced some minor |)ivcipilalion at the valley weather 
station and proceeded to the Wyman-Crooked Creeks 
canyon area. 



Stonns arriving from the north or northeast pro- 
duced rainfall on Piper Mount&in (7,700 ft) and 
continued in a southerly direction, again passing over 
the valley weather station. 

The remaining storms entered the valley from the 
southwest, west, or northwe-st. In these instances, pre- 
cipitation usually ceased somewhere within the drain- 
age area of the Wliite Mountains and little, if any, nin 
fell in the valley proper. 

Despite the paucity of data on the frequency of track 
of these storms, two facts are indicated. First, the 
frequency of precipitation is not everywhere equal 
within the basin. It will later l)e shown that this 
accords with the occurrence of certain hanging fans 
in tributary valleys. Second, frequency of precipita- 
tion in the valley proper is also not everywhere the 
same, and the total amount of precipitation on basin 
floors is not great. This may account for the preserva- 
tion of scattered lake terraces in desert basins; in 
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FiocnE 87.— A«rl>l view o( tlw Wyman-Crmked Creeks bo. Tbe darker oolor o( tbe t>n airUoe, above Um dMlwd line, rtsulu tnm nuiDetous baaalt boolden uul var- 
otahnl or iitAlncd houldm Ttto hniwlt houldrni ajt dniv«J fnom hasalt ootcrop* wltlilo llw catchninit wm wid rroin the dark miin In thr huckpmmd. Sou tim 
vefelutico In llie uctive cliannel, which ia entrenched to a depth of about 40 be4, and the ahAndoned dlstr11iuta/>* cliunneln at liiglva elevatlcioa thiin the active channel. 



addition, it suggests that local runoff on alluvial fans 
is small compared with that in the mountains. 

TUfPUATUU 

The difference between the average annual tempera- 
ture at the Wliite Mountain weather station (pi. 8) 
and that in the valley is 18°F. Maximum tempeni- 
tures greater than 105° have not been officially recorded 
in the valley, but in tlie absence of an official shade 
tree, temperatures from 115° to 12()° were common. 
During two rather wann j>eriods sun temperatures of 
LIO" were recorded; ground temperatures are probably 
even greater. 

wnrM 

Information on wind intensities and dominant tracks 
in the valley is not available. The usual diurnal fluc- 
tuation of track, up and down canyons, was observed. 
It is unknown, however, wlielher any net transport of 
fine aediment results from this process. 



Only three major duststorms occurred during the 
period of observation. The direction of sediment trans- 
ix)rt during each storm was from .south to north, again 
prompting tJie question of frequency of track. Data 
on silt: clay ratios, to be discussed below in the section 
entitled "Silt and clay," suggest that the observed track 
may in fact Ik- preferred in the valley. 

SXTMMABY OF OSOLOOT 

The geology in tlie Deep Springs Valley area has 
been treated by Knopf (1918), Miller (1928), Nelson 
(ll)f>2, lJ)fi3), and others. Nelson conducted a detailed 
stratigraphic study and mapped the geology of the 
area. Much of the information to follow stems from 
his work complemented by personal observations. An 
outline of the geolog}-, {)ertinent to this report, is shown 
on plate 8. 

In the Wlute Mountains tiie stratigraphic section 
consists of 21,000 feet of Precambrian ( ? ) and Lower 
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Fioi'u M.— Atrial view of Pilul« Chute. Not* tlw proniiiMnt neUn ehaiui«l bimI Ihf hordMlng IvTef vulb. SemiU itmUar ctiutw occur In thk> ptxnl utk, an U> 
tmtt Ml of th« nllry. The am of reorat drpasittan on tlito youDi tun In hrlow the tennlnBUoD of lh< active cbaanel and at tlw lo«-er margin of th* tui. hooode^ 
at thovB tn ttw pholocrapti. 
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Cambrian strata and about 1,600 feet of Middle Cam- 
brian sedimentary rocks; the latter are relatively 
restricted in outcrop area. Of the 10 formations de- 
scribed by Nelson (1962), onlj' those pertinent to a 
discussion of the distribution of clastic sediments in 
()ie valley are mentioned here. 

The sedimentary sequence has Ixsen foldeti, intruded 
by n granitic hatholith and one or more stocks, and 
faulted. Structurally, the While Mountains are a 
southerly phmging anticline within the drainage basin 
considered. Because the fold axis trends nearly due 
south, whereas the topographic trend is s<jutheast, the 
adjacent syncline to the east is e.\[H)Sed farther south 
in the Inyo Mountains. Erosion of the fold in the 
White Mountains has therefore revealed the oldest 
rocks in the section. The structural relationships be- 
«'ome apparent in Wynuui Canyon (pi. H) wliere, de- 
.spite considerable local complexity, re|>etition of strata 
to either side of the Precambrian( '.) heart of the foM 
can be seen. 



The formations of Precambrian( i) age encountered 
in Wyman Canyon, which cuts across the fold axis, are 
the Wyman, Reed, and Deep Spring. The Wyman 
Formation is greater than 9,000 feet thick (base unex- 
posed), and the Reed Dolomite and Deep Spring For- 
mation are 2,000 and 1,500 feet thick, respectively. 
These units crop out over a distance of about 6 miles 
along the canyon. Tlie Wyman Formation consists of 
crumpled and contorted schists, phyllites, shales, and 
quartzites which are mottled gray, brown, or black and 
are generally banded. The overlying Reed Dolomite 
is a white to light -bluish-gniy dolomite, and the 
younger Deep Spring Formation consists mainly of 
reddish-brown or yellowish-brown sand.stones. South 
of Wyman Canyon the Wyman Formation gradually 
pinclies out because the fold plunges in this direction. 
It comprises only a nnnor percentage of the rock types 
within the Anteloix; Springs catchment area, whereas 
the Reed Dolomite and Deep Spring Formation crop 
out in abundance. 
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A Cretaceous( ?) pranUic intrusive, of roughly 5 
aquATO miles in outcrop area, has pierced the sedimeu- 
tery rodcB iMtwMBi Antelope Springa And Wyman can- 
yons and a contact metamorphir s»x]ni>n< f> o< r«rs. 
•South of the Ant«lope Springs drainage area the 
yoongar, Low«r Ckmbr{«n fledinwiitaiy rodks, erop out. 
Dark sandstones and shales with varvinp amounts of 
limestone predominate; this assemblage, in varying 
proportions, oontiniHS Around the wath end of the baauu 

The contact between the aedimonf arj' rooks nnrl the 
grsnit« occurs east of the playa, and the Inyo Kange 
on the e«8t side of the vslley is gntnitie from this point 
northward. 

Scattered remoaata of Tertiary basalt and an under- 
lying white fiiatde tuff crop out tikng OfoolBSd Cmak, 

to the north of the Wyman-Crooked Crpeks fan (fig. 
87), (uid in the northeast comer of the basin. 

The foregoing summary of the geolo^ of the area 
indicates that certain rock types are sufficiently distinc- 
tive and restricted in area to serve as indices of prob- 
Abk source area at sampling stations in the valley. An 
abundance of setlimentfirT rocks derived from the Wy- 
man Formation, for example, unquestiunably indicates 
transport from the Wyman-Crooked Creeks system (pi. 
8) in the northwestern part of t!ie Imsin even if it 
occurs near the pl&ya. Knowledge of thu distribution 
of bsaalt remnants and color and other distinctions 
nmonp siKrifir basalt sources also proved useful duruig 
this study, particularly in treating the problem of sedi- 
ment mixing within the basin and attendant effects 
upon the fedimentary pnrameterf. Although several 
i\m distinctions were drawn during the Study, for 
convenience the litholo^tc data on the valley sediments 
hax'e been siimmiiriz^d under I he ^n)Hs headings of 
granitic rocks, sediiiieiiiary rocks and basalt (table 2). 

Asraon OF PUKurrocENB anoiiOOY 

No evidence of eztensiTO gladation in the White 

Mountnin«. within the drainage basin ronsidernd, was 
noted by the writer. This may not be true for the part 
of the range farther mnth, however. Daring the Pleis- 
tocene the snowline was undoubtedly much lower than 
it is today, but even at the headwaters of Wyman and 
Crooked Creeks (pi. 8) at elevations of 10,000-1 l,t)()0 
feet, evidence of cirques or moraines is lacking. A 
buried soil occui-s in ihe lieiulwuter-s of Crooked Creek, 
and signs of frost action were noted at several locali- 
ties; these featnres represent the only evidence of 
PleistiKeiie rliniiUe? in the mountains. An extensive 
snow I o\ er and local ice caps probably existed in the 
higher parts of the range, however. If so, then com- 
bined with greater precipitation and lower tempera- 
tures, these local caps and the snow cover must have 



I contributed to a much greater runoff and disehuge 

than obtain today. 
Millw (1888) was the first to diseoss the E*leistoceiie 

lake in the valley nnd it? probable extent. He esti- 
mated that its maximum depth was on the order of 
400-500 feet. Oivsn present elevations, a bko 800 fsflt 

deep would nearly cover the entin* vfilley Hoor. The 
highest known stand of the lake was at about b^iOO 
feet, wfaidi accords with gravel deposits around ^ 

south end of the viilley The " .-J^v'-foot contour follows 
the base of the low. Ljedrock hill to the right of the 
Antelope Springs fan (fig. 85). Color contrastB alao 
siifTfjpst a former high stand at this level. If the lake 
did not rise above this level, however, then according 
to present elevations, it could not have reached tlio 
northern end of the valley. The bench mark at .').2"2(> 
feet (pi. 8) would represent the noithem limit of the 
former lake. A 5^00 foot-level would appear to inoore 
that the lake did not overflow the hasin ; hut present 
topography is not sufficient proof of this, and a former 
connection diould be sought. 

Tlie former connection of ninny Inkes in the Mohave 
region with the Pleistocene Owens Lake, m a result of 
overflow from one basin to another, is well known; the 
subject has been reviewed l>y Blackwelder (11)54), 
amonpr others. Westgard Pass, however, is at an eleva- 
tion of T.'.iOO feet (pi. 8), BulBeient to ensure that Deep 
Springs Lake was not part of this chain hy way of 
Owens I Jake. If a former connection in some other 
direction is sought, then the "new map" showing the 
distribution of j)hiviiil hikes hy Feth (lOGl') i< of no 
greiiter asaislance than tlie ungiiial cotnpilai luii by 
Flint (1957, p. 227). It is probable that every Imsin 
in this region fontained a lake, although not all over- 
flowed their basin. A held reconnaissance of the (Ireai 
Basin could provide much of the missing datu. 

Deep Springs Valley is adjacent to Eureka Valley, 
to the east, and Fish Lake Valley, to the northea^. 
A direct connection between Fish I^ake Valley and 
Deep Springs Valley is possible, but field evidence snjr- 
gests that the two may also have been connected by 
way of Eureka Valley. Hon* Thief Canyon, which 
connects Fish I^ke and Eureka Valleys, was traversed, 
and many solution pockets were noted by the writer 
along the base of the canyon walls. The divide between 
these two valleys is within Fish Lake Valley at an 
elevation of about 5,280 feet, and Horse Thief Canyon 
runs downgrade over its entira length into Eureka 

Valley. 

Soldier Pass (pi. 8), which joins Deep Sprin^p aud 
Eureim Vall^s, wss also traveraed. A cetbonafce- 
cemented pebble i » > nerate probably fonned ill 
Pleistocene time and now laigely stripped ewnj, oops 
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out along the floor and walla of thp pn'sn Tin' gravel 
fraction consists entirely of anpu) n L-rimtic fragments. 
Thti beds dip to the we t. u-l-i t n^' postlake uplift 
and tiltinfj. Other t-vidence of uplift duriiif? R«oen( 
time can b« i»en at several loc^litieB on the east side 
of Dmp Sprii^ Vallay. In the vicinity of the present 
playa another rurbonate-cemented conf<loinerat« crops 
out abjve tlie valley fiuor; scarjis trend abruptly across 
allnTial dei>o8it^, and iprin^ and bogs occur in this 
zonp. Nelson (oral commuTi., 1961) has suggested that 
a major fault follows the zone cast of the playa to the 
north and then turns east through Soldier Pue. Dif- 
ferences in elevation within the Inyo Mountains on 
either side of the pass are in accord with this sug- 
gestion. 

Uplift of about 200 feet in the vicinity of Soldier 
Pms appears reasonable. If this is true, then the plu- 
vial Deep Springs Lake overflowed through tlw pM 
into Eureka Valley. A small isolated playa occurs in 
a reentrant of the Inyo Mountains, on the Eureka Val- 
Iaj aids of the divide, at the same latitude as the Deep 
Springs playa. Overflow from the pluvial Deep 
Springs Lake may have spilled into this sink, which 
has subsequently been uplifted. 

Another conglomerate locality in the north end of 
Deep Springs Valley also indieatos postlake uplift and 
tilting. These carbonate-cemented conglonieraten occur 
near the most southern of flie ^noup of small drainage 
systems just southwest of Tiper Mouiuuin (pi. 8) . The 
bods dip to tho vert, and in » fern places they are as 
rniifh US 200 feet above the present valley floor. They 
represent an absolute criterion for uplift, because the 
gnwb tm of lithologic types derived solely froin the 
Wyman-Crooked Creeks drainage area across the val- 
ley. The gravels are well rounded and range in size 
frmn pebbke to large cobbles. This occurrence suggestii 
that sediment from the Wymsn-Gtooked Creeks system 
miiKt formerly luive Ix'en transported directly across 
the valley tloor in a more easterly direction than today. 
Fofmer «hanna1s on the Wymsn-Craohed Creeks fan 

also trt-nd in this direction. T'i)lift and tiltinjr, follow- 
ing withdrawal of the lake, produced the present south- 
erly traid leading to the playa. 

In siiminiirv, it is considered probably l]i;a Dee[) • 
Sprinjrs Lake did extend over (lie entire vulley floor, 
but the absolute depth or extent of this lake cannot be 
judged from pissnt topogvsphy. Hiis ssample of 
ix»stluke uplift probably hr)1ds true for many of the 
western basins. Traverses of likely interbasin canyons 
proride s better field test of posatUs former oannee- 
tions between lakes than doen exsminstion of preaent 
elerstioiui of accordant levels. 



BASIC DATA 

The quantitative data obtained in Deep Springs Vsl- 
ky sre listed in tsUes 1 dmMgh 6 end were used to 

ponstnict the various maps presented in (his report. 
Sampling stations in the north end of the valley and 
on the Antelope Springs fan are shown in figures 90 
and 91, respeK^tively. The data include (1) measurp- 
ments of local slope and mazimuni particle size at 496 
fltstkns; (8) IMW detenninstunis of pdbUs aias, 
roundness, and lithology; (3) sedimentary parametSIS 
of 90 samples of the granuie-to-clay size fraction; sod 
<4> sppreodmste dsy-mtaiersl tmtios for 43 ssmplee. A 
planetable map of the active channel on the Antelope 
Springs fan (pi. !)) was constructed from data from 
about 600 stations on s seals of 1 Uidi s 100 feet. 

Sampling stations in the north end of the valley aro 
1,000 feet apart, based upon an arbitrary grid system. 
Tbs bsneh mark at 5,220 feet (pi. 8) was lued ss ptnnt 
0.0 (fip. W)). >>fations were located by means of pace 
and compass, or by odometer and compass if the point 
could be resdied by jeep. Although the odometer was 
checked over measim'd mile?! for arctirarv nnd tire 
pressures were liot overlooked, some lack of precision 
must inevitably result beesose of the roughness of 
tcrriMi Tlie same is true of pared distances in the 
ana. i he resultant inaccuracies of the niftpii, iiowever, 
do not detract from the gene ml trends shown. 

Sainpling stations on tlie Antelope Spnn;;s fan are 
located along contours that differ in elevation by 60 
feet, detmoiMd by sttimetflr, and ai» 90O feet sport 

on each ronfotir line. 

Stations on Paiiite Cluite i H;.'. MS) aiui on the minia- 
ture fans in West pa rd Pass, treated below, are 100 and 
.') feet apart, res ()ec lively. Beariiifjs taken from each 
station lo llie fan apex permitted the pluuiii^ uf sam- 
pling points. This procedure was also followed at each 
station on the Antelope Spririf^s fan (fig. SH). 

The largest particle within a 60- foot radius of the 
sampling stations was located by obssnrstion, and the 
length of the intermediate axis was mea.sured to the 
nearest tenth of a foot. Both the search for the largest 
particle and its measurement nquired some diggii^ in 
many places. Slopes were measured to the nearest one- 
half percent with an Abney level over a 100-foot reach 
' bet ween the particle and the spSK Mfgion of the fan. 
Becauw paths of sediment transport do not necessarily 
coincide with a straight line from the fan apex to a 
given psrtfeteT the lOO-foot rasdi ehossn wss thst whidi 
appeared to lie (he most probable transport path from 
field observation. If a particle occurred within a chan- 
nel or boulder tnun, for ezsmple, then dope wss 
mesaoied slong these trends regardless of deviation in 
direction from the spex. The roek types of the largest 
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particles wen ftim obteimd, but thty an not included 
in the tables. 

Data on pebbles were obtained only in the north end 
of the valley. At each sampling station (fig. 90) 50 
pebbles were selected. Theste were obtained by pacing 
off * rougit square, of about 12 paces to a side, and 
picking up the pebble nearest to the toe of the boot 
with each paoe. T^nlikp tho method described by Miller 
(1958) tor ■amplia;; the Sau-jre de Criato Streams, the 
pebbles were not selected with eyes averted because of 
poanble objection to the entire procedure by reptiles 
and other deseit deniaena. 

For each pebble, the smallest, intermediate, and larg- 
est axis was measured with a vernier caliper to the 
nearest tenth of a millimeter, and the lithology was 
determined with a hand lens. The roundness of each 
pebble was determined by visual means and recorded 
as angular, subangular, subronndcd, rounded, or well 
rounded. These categories were later assigned values 
of 0, 1, 2, 8, and 4, respectivel|y, and the mean rotmdness 
for each rock type and for the entire sample was 
i;-a]fiikte<l. 

lu order that these procedures not appear to be open 
to the inflomoe of preconceptions, it might be well 
Id {M)iiit out that the time requirements and other 
factoid insured objectivity. The number of stations 
sampled per day was understandably small, heeanse 
of the amount of data gathered. This prevented con- 
secutive sampling from tlie valley floor to the mountain 
front along saniplin^'^ lines. Also, as a matter of oem- 

vi'iniMice. sjiuiidiii;.'' liiifs weiv ofleii lefi u!icoiiij>lelL'cl 
and were returned to several days later when sampling 
along perpendicular lines. These factors alone would 
!k' suflicii'iit to insuiv that one would not seled Ijirj^er 
or smaller particles of a given degree of roundness 
aecordlnjr to some concept of what the data 'Should 
t>e'' Mi :i ;^i\eii point. In addition, no mean value was 
computed until all stations in the nortli end had been 
sampled. The maps of the several variables presented 
iiulicate tlmf ilie arhitrary sampling griil l uts across 
most trends at odd angles; this would not result from 
subjective sampling. 

Sam [ill's of the <^r;imili' to-clay friu'tion woiv ob- 
tained from a total of 290 stations. Excepting grab 
samples from two mudflows, the npper 4 inches of 
sediment within a S^foot mdius of each point was 
obtained with a can or small shovel and surceasivcly 
(juarfprcd until the remainder would fill a 4- by 6-inch 
sample bag. Much care was expended to insare that j 
the liner fraction not Iw- lo^t during this prcM-edure. i 
Ultimately, 90 samples were chosen for analysis. Tlicse ■ 
include (tS from the north end of the valley, 19 from 
the active channel on the Antelope Springs fan (fig. 0), | 



2 from Paiutc Ghnt^ S from a mudflow in Owens 
Valhgrf and 1 from a thin mudflow in Wymnn Cenyon. 
Thess samples were split in order to obtam about 

50 grams of each and then wet sieved through a ^ 
micron mesh. After oven diying, the granules wera 
separated fnm the sands, and (he latter were sieved 

with U.S. Standard Sieves; this provided a separation 
at half phi intervals. The less than 6*2-micron fraction 
was wariied into settling tubes, and any additional 
sediment of this size that was obtained as a pan frac- 
tion during sieving of the sands was added. Silt and 
clay were separated at the 4-nucron boundary by sac* 
cessive de< anditions. Time intervals for decantation 
were determined by settling velocities at the tempera- 
tures that prevailed. Because of the height of fall, 
which was 25 cm, the average time interval was about 
4.25 hours. Most samples required about 10 decanta- 
t ions, but this varied, of oouna^ with Uie amount and 
proportions of the sediment. Tlie <4-micron fraction 
was drawn off, and after a few dajn were allowed for 
settling, a concentrated fdurry was obtained and clay- 
mineral mounts wen- imide by sedimentation on glass 
slides. The silt fraction was oven dried and weigtwdf 
and the weight of clay was determined by difference. 

Tlie rinuillow s.iinjiles were boiled in chlorox several 
times before separation of the sise fractions, and the 
weight of osganic matter was later determined by 
difference. 

The weight percent of each class interval, from 
grnnules to clny, was calculated and the results cumu- 
liited. The cumuhitive peroent^ were then plotted OO 
iirithmc'tic probability paper against phi diameter, and 
the values necctitiary for determinatjon of the statistics 
used weare read from each curve. The statistical 
meftsures u"?ed in this rppnrl to chariict eriz*' t!ii^ size 
diblhbution of ihe granule-lo-ciay fracliuii are those 
suggested by Folk and Waid (1M7). They are as 
follows : 



-J ' 



Mean aite {Mt) = 
Inclusive (r»pbi« ateadard deviation 
Industve gnphlo ikewneis (fikd 

and 



»l« 1 ^M— 

4 &« 



These measures represent a reasonable comprnmise 
between including a sufficiently Iarp;p percentage of die 
size di^^tribution to obtain the iuforination desired and 
attempting to minimize the effort expended in altftiniii'4 
it. Mct.'ammon (1962) bus recently reviewed the 
efficiency of various statistics of mean size and sorting. 
He shows that the measure of mean alie (Jfs) used in 
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this report has an «fficieo^ of 88 perceat, whereas 

^Slt^t tat example, has an ettamcj of 74 pflvcant. 
z 

TheiespectiTie eflSdeodw of ineluiiTe graphic ttandani 
devifttion M and %^=^ an 70 and 87 ptKint. 

To furth«r the effidttict«s of the atatfeUca 

chosen, it wtmld be iircpssary eitiier to inc-Iude addi- 
tional percentiles within the range considered or to 
increaae the range, or botli. 

CLABTtC SBDIMSNT8 

The clastic sedinieiitB of Deep Springs Valley range 
in size from Iwulders to clay. At « given point, there 
fore, a volume sufficient to fill a small truck might be 
required in ortler to investigate the «ze distribution 
of a single sample. For tliis reason, and also because 
the implications of tlic size distribution are the primary 
concern, it wi»s thought best to treat three discrete 
fractions of the total sediment. These are the largest 
particles, the pebble fraction, and tlie granule-to-clay 
fraction. Althou<rli this treatment is not entirely satis- 
factory, several considerations show it to be useful. 
First, separate treatment of the largest particles per- 
mits a discussion of competence; second, the weight 
percentages determined for such significant size classes 
as silt and clay are maxima ; finally, the alternatives 
are in some respects still less satisfactory. If particles 
that occur at a given tape interval are measnied, for 
example, there is an inherent tendency to skew the 
di.strihution toward tlu> hu-yftr particles becjiuse pebbles 
will invariabljr be selected in preference to granules 
when both are present. 

LA&OBBT PABTI0LI8 

The 496 particles that r apr cs an t the ntaxitnom size 

present at piu-h station aic listed in fable 1 together 
with the slopes on which they occurred. Although 
large partielee occur more frequently near apex regions 
of fans, they are not n>s1i i« ted to these areas. Fij;iiie 
92 allows the relation betweeik maximum size and slope 
for stations in the north end of the Tslley (flg. 90). 

The only station oniitfcd fi-om fi^j^ui-c HO is — T. 0 where 
a 16Jl-foot particle occurred on a slope of 11 percent. 
The next largest siie presoit at these stations was 

slightly <8 feet in intennediafe diatiietcr, and for 
reasons of convenience the orduiate was not extended 
beyond 10 feet. 

Tlie scatter of points on figure 02 is aitpai-vnt. This 
can partly be explained by considering that several 
fans are repTssented and that variations of fithology, 
iitul osjK-i^ially joint spacings, will prfxhife block's of 
unequal size at the source. A plot of slope and maxi- 
mum pnrtkle sue for 208 stations on the Antelope 



Springs fan (fig. 9S) shows a rather good trend, ez- 

< ept for (lie particles on gentl? slopes. 

Dlissenbach (1952, 1954) claimed that the relation 
between mazimuro particle siie and slope was arith- 
metic for fans in Arizona and that ihc de("rea.«w in size 
downfan was uniform. His data were scanty, however; 
even the data for Antelope Springs (fig. 98), condating 
of a limited size ranjre, would not plot well on an 
arithmetic scale. In this report, the scatter of points 
is thought to be of greater significanoe than tJie gmeral 
trend lM>rau.s<> niidprstandini; of prix'oss is the goal. 

Particles larger than 1 foot in diameter occur in 
areas of sera slope, and particles larger than 5 feet 

in diameter oocnr on slopes of 2 percent in the north 
end of the valley (tig. 92). On the other hand, parti- 
cles as small as <tM foot In diameter are the maximmn 

size present on slopes t-^ p as 14 {>eri.eiit. For the 
^Vntelope Sphjigs fan, where the range of both size and 
slope is mora restricted (fig. 93), partideshalf the siae 
of the larj^est j^resent occur on slojies as gentle as 2 
percent. Conversely, particles as small as 0.1 foot in 
diameter can represent the maamum sise on dopes as 
great as 5 percent, although (his fan pxhibits mnxininm 
slopes of only 8 jiercent. It might be argued that the 
examples cited are the extremes of the distribution 
and fluTpfoiv of little conj^rqiionrp. Tfcgnrdlcs.s of the 
trend of the means, however, the extreme values require 
explanation. 

The fact that boulders have boon reported on playas 
(McAllister and Agnew, 1948; Kirk, 1952; Clements, 
1952; and others) dearly indieatee (that the phenom- 
enon of large particles in areas of zero slope is not 
restricted to Deep Springs Valley. Guilcher and Call- 
lenx (1980) observed pebUes moving akng an icy 
road in Denmark under (he impeftis of (he wind. 
This observation led to a wind tunnel experiment by 
(Srove and Sparks (1952) who duplicated the phenimi- 
enon. Kxtrnpolation of their da(a by Srhiimm (1956) 
indicatoil tiiat a velocity of 122 miles per hour would 
l>e rerpiired to move a rock wd|i^ing 1 pound aenMs 
ice. A Itliourjli the movement of boulders nri playas is 
usually con.sidere<l apart from any question of trans- 
port on fans, it is obvious that any boulder must first 
have been moved down a fan if it occurs on a playa. 
An explanation for the fluctuation of maxinmm parti- 
de das in a downfan direction will be offered below 
(p. 107). 

THE PEBBLE FRACTION 
The distribution of the mean pebble size ui the north 
end of Deep Springs Valley is shown on figure M. 
Although several trends are appnrrnt, the most strik- 
ing feature of the map is fluctuation in size, which 
is represented by desurea around hij^ and low values. 
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Some clotiures around high values are the result of 
BunpUng in a wsah. This is trm, for MsmplB, of thn 

34-min high in the southwest corner of the map and 
tiie 28-mm high farther north. This 28-auu high de- 
fims the ahallow wadi shown in figoiv 05. OtliAr lu|^ 
and low vahias irsvilt from pxtirmf's at only one or two 
points; this deserves further consideration. 

FItst, it duHild be «daiowt«dgad that two indinduab 
will seldom, if ever, prfMhicp identical isopleth maps 
from the same data. Nevertheless, there are limits that 
will rMtnet tlie fXMsible dilfcKnoM. If tha peibbla 
data (table 2) were in accord with a uniform decrease 
in size downfan, then isopleths would be forced to con- 
form with the bittn boundaij to soma aztent, or tnodit 



on individual fans would at least emerge more clearly. 
Neither is true of the map under oonsideiilioiu Sec- 
ond, tlie question can >>e raised whether the mean or the 
extremes of the distribution is to be emphaaxed. If 
stress is to be pUused upon avenge or mean trends, 
then the variations can reduced hy constructing a 
moving average map. Choice of a larger isopleth in- 
terval would bIbo Rchieve this end. Aa with the la rg e o t 
particlpo, however, the fluctuations in size prnhnf .ly nre 
aignificant and for this reason no attempt siiould be 
raada to obeeare the fact that they oeeor by smootliiiv 
the dntn. Kach point on the ma]> represents the aver- 
age of 50 measurements; the map is therefore thought 
to depict aeeurately the distribution of pebhla 
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The roundness (Kg. 96) and the lithology {Ag. 97) of 
pebbles in the north end of Deep Springs Valley are 
correlative. Fields of high mean roundness outline 
tvro main lithologic groups. These are the meUunor- 
phie and sedimentary types that issue from the Wy- 
man-Crooked Creeks canyons (pi. 8) and tlie basalts 
dsriTsd from the eap on Piper Mowwtein and the low 
tilted mwsi at ite base. The latter ean be eeen in 
figure 98. The color contrast at the base of the slope 
rcm^y coincides with the fiO-peroent contour in this 
MM on figure 97 and with the roundneas field of 1 on 
figure Mk Quartz and feldspar pebbles, derived from 
ooaree gruned granites and a few pegmatites, and 
scattered pebbles from aplite dikes are iadtided tn the 
|)Iiiioiuc rock peroentegei. These pebbles, in addition 
to the angular granite pebUes that ooeur dose to their 
source areas, are more angular than the sedimentary, 
metamorphie, and volcanic rock types. For this reason 
the mean roundness reflwts the litliolofjic distribution. 
The occurrence of closures on both the roundness and 
Kthology maps is worthy of note. These reflect fluctua- 
tions in the distribution similiar to those found iat 
mean size ((ig. 94). 

It is apparent from the roundness and lithology 
maps that a zone of mixin^r of s«dimpnts occurs along 
the central and east-central parts of the basin. Sedi- 
ments from the Wyman-Crooked Creeks system, the 
northern and noi i heaslem parts of the basin, and from 
the granitic Inyo .Mfnintiiiiis r)n tlie esist nil merpo in 
this ai-ea. The sedimentary parameters of the granule- j 



to-clay fraction, to be discussed below, also reflect this 
mixing of ssdiments. 

Tn (Mttnns-TO-oxAT numam 

In u review nf tho various sisS grsdflS, Pstttjohn 

(1957, p. 47) notes that the results of msay studks 
indicate that granules (8-4 mm) are less abtmdsnt in 

nature than are odier size groups. lie also states that 
there appears to be a deficiency of very coarse sand as 
well. The basis for these statements is the fact that a 
sedimentary deposit consisting of l)oth gravel and sand 
generally exhibits a distinct mode for each of these 
two frakaonSi The break in the fraqoency curve, be- 
tween thess 2 modss, falls within Uie !• to 4-mm siss 
range. 

Several sttsmpts have been made to explain the 

frequency minimum. Sundborg (19.i6, p. 191-194), for 
example, argues on hydraulic grounds that particles 
between 1 and 6 mm are those most readily nxnvd when 
bed transport commences and are the list to come to 
rest when it ceases. According to tilis argument, gran- 
ules sre scarce in nature because thegr are in nearly 
constant motion, relative to other size classes, and 
therefore simply wear out. Kagani (1961) also ad- 
vancee a hydraulie explanation and, in addition, advo- 
cates placing size-class boundaries at all conspicuous 
frequency minima. This would, in effect, tend to re- 
move granules entirdy from eomsideration as a distinet 
size class. 

An investigation of tlie clastic sediments in Deep 
l^irings Ysllqr, Oalift, p wwided a good opportunity to 

roiisi<ler tlie i)roblein of the scarcity of granules. Be- 
cause sediment transport is typically both brief and 
intermittent in a bolson environment, the conditions 
postulated by .Sundborg (19.'ifi) do not pertain. .V sim- 
ple test of the hydraulic theory can therefore be ap- 
plied; granules should occur in no lesser abundance 
than other size rlnases if the theory is correct. The 
basic data for the following discussion are listed in 
table 5; the weight percentages of granules are listed 

in table 3. 

The weight percentage of granules in the granule- 
toHsky else fraction was determined for 90 ssmplesb 

In addition to 19 samples from the Atitelope Springs 
active channel (pi. 9), 71 samples were studied. These 
indude 66 from the north end of the valley, S from 
Paiute CThute, and 3 from nuidflows. Of these samples, 
24 were unimodal and 47 were bimodal. In the uni- 
modal group no mode coincided with the granule, very 
oooisB sand, fine-sand, and day axes. Gnumlt's, how- 
ever, orcuri-ed as the primary mode of 4 and the aec- 
i ondary mode of 5 of the bimodal samples. .^Vmong the 
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19 Antelope Springs diumel aunplee, 18 were unimodal 

and fi werr bimodal. Graimlrs apnin fnilod to occur 
as the modal class in the unimodal sedimeut^s. The 
seooncUty mode of 6 of the 6 Umodal aampka, however, 
did coincide with the fj^-anule size cliiss. If tlie fre- 
qamey of occurrence of tiie 8 size classes as both pri- 
muj and neondary modes ie cftlouleled, then one finds 
that granules occur more frinpicntly fltnn iiml loss 
frequently than 4 of the size classes. On this basis, 
therefora, granoles are y«ey nearly the median mode 
of the holson sediincnts. 

The basis for this calculation is arbitrary and results 
in an eaaggeratioD of the fnqoeney of modal oocur- 
rpnro of 2:r;inules. Although the fact is frequently 
overlooked, modality is also arbitrary, however. Only 
a single sample among the 90 stodisd was rniimodal 

when class intervals were chosen ;it half phi units; the 
remaining samples were polymodal. Upon grouping 
matlblta to prodoos intervmte in aoeord with th* fall 
phi units of the Wentworth size classification, however, 
the 'Al unimodal samples discussed previously were 
produced. Becaoae any dasnfieation of rise most be 
considered arbitrary rather than natural, the obvious 
conclusion to be drawn is that the uiiiniudal samples 
resnlt from averaging of the data. Many of the bi- 
modal samples could l>e transformed into tmimodal 
distributions by setting the class intervals equal to 2 
phi units. In the limit, of course, any sediment could 
bo shown to be not only nnimodal but of the same die 
class as any other. 



A moTB pertinent factor than f reiquency of occurrence 
as a modal class, however, is the absolute abundance 
of granules. Thdr abrndaace in &» gramila-to-elny 

siz» fraction (fig. 99) ranpes from 15 to 20 percent near 
the basin margin to the north and oast and is slightly 
lesson the wsBtem side, in the Wyman-Crooked Grseks 

fan area. This f;i -t niny reflect greater absolute tran.s- 
port distances for lliese sediments. At least 3-5 percent 
of this fraction consists of granulss at say point in the 

center of the basin. Although this peroentape is a 
maximum for the total sediment, because gravel has 
I>e4>n omitted, it is pertinent to the observations of 
Yatsu (1959), who argued that the break in slope along 
the intersection of an alluvial fan with tlie valley floor 
coincides with the modal frequency break in the 
gravel-to-sand distribution referred to above. Granules 
should, therefore, 1% absent below this break in slope 
or in the central part of the basiB. The evidence from 
Deep Springs Valley, however, suggests a decrease in 
abundance of granules toward the basin center but not 
rlieir disappearance. 

Tlie granule high in the southwestern part of the 
area shown ia diflicult to account for, except as an 
actual "island" of granules. It will be shown below 
that the area between this high and the 'i^-jjercent 
granule high to the east is, in effect, a crossroad of sedi- 
ment mixing m the basin. The seemingly anomalous 
high may therefore represent the sum of granule con- 
tributions from the northeast and eastern trends which 
has snfasequently been isolated by a flood of finer sedi- 
ments from the Wyman-Crooked Creeks system. 

The decrease in abundance of granules within rela- 
tively short distances from source areas not only re- 
quires explanation but serves to refute the hydraulic 
answer provided by Sundborg (1956). Because trans- 
port of the surface ssdiments considered here is rela- 
tively infrequent, constant motion of the granule size 
class cannot be appealed to in the search for the cause. 
Selective sortuig ui a dowtifan direction might appear 
to be a likely alternative. The studies referred to by 
Pettijohn ( 19.57, p. 47), however, treated ancient as well 
as recent sediments. If selective sorting of sediment is 
the general explanation for the reported soan iiy of 
granules, then it is difficult to understand why granule 
concentrations are absent in ancient ssdiments; lag do- 

posits would iie'-essarily have to accuiiuilate in some 
areas but, to ihe writer's knowledge, none have been 
reported in the literature. A mechanical theory, sug- 
gested by tlie data from Deep Springs Valley, is 
thought to be the moat reasonable explanation. 

About 80 percent of the granules examined was 
fmmd to consist of polymineralic rock fraguieius; 
quarts and feldspar grains constitiited the remainder. 
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This implies that the plutonic rocks, which air r'lr 
primary source of the clastic sedimenta oonsidered, 
must eon^ of mineral grahu that are predoooiiiBiitly 
lef5S than 2 mm in size. Tlie resiilfi, of Dake (1921), who 
found that less than 10 percent of the quartz grains 
in plntonie ndn Mueedad 1 nun in aiie, tend to con- 
firm this implication. The fact that medium or coarse 
sand is the dominant size class in all of the unimodal 
samples etudied^ whereas granules are mora alnmdant 
in the himoda! sample??, suggests that the ]X)lymineralic 
granules are un^able aggregates of sand-size grains. 
These aggregates tend to disappear in natare by rea- 
son of nipid reduction to their components. The reduc- 
tion is achieved by mechanical disinte^gration through 
weathering and is uded by periods of transport, how- 
ever brief. The tmnsition from polymineralic ^^ranules 
to sand-size components is accompanied by a consequent 
ebtnge from predominantly biinsdal to wnimoda) fre- 
quency distributions. The deficiency of discrete min- 
eral grains in the 2- to 4-mm size range in plutonic 
sooiee roGl0 should be regarded as the fundamental 
eanse of the relative scarcity of granules in natava. 

Sn.T A.KI* CLAY 

The most striking single feature shared by all but 2 
of the 90 samples studied is the scarcity of day. The 
2 exceptions will be explained below. The weip;ht per- 
centage of clay (table 3) in sample from the north 
end of the valley ranged from 0 to 6..37 and averaged 
about 2.0 percent. Samples from the Antelope Springs 
channel (pi. 9) range from 0 to 2.76 percent. Samples 
ham Paiute Chute and the Owens Valley mudflow 
averaged about 2.5 and 3.0 percent, respectively. Al 
though much care was idkeu in both collection and 
analysis of the samples, it is probable that some clay 

was lost, Bp('iuis<> rlie.se weight percentape^i applv to 
the gnuiule-to-clay fraction alone, however, the per- 
centage of clay woold be still lower if the total sedi- 
ment provided the hasi.s for calculation. 

In contrast to the scarcity of clay, silt is very abun- 
dant Silt occurred as either the prinuiry or SMondary 
mode in 31 of the 47 bimodal samples, referred to 
previously, and had the nfreatcst mf>dn1 fr<^f]uency on 
this basis. The relative abundance of silt to clay is 
given in table 8. Noteworthy ie the fact that even 
the thin atypical W3'man mndflnw, which contained 
17.38 percent clay, had a silt: clay ratio of more than 
4 to 1. This ratio is in aooord with those of the more 
typical samples from the Owens Valley mudflow <BP- 
1, BP-2) and Paiute Chute. 

Because silt: clay ratios appeared to be consistent 
in the mudflow samples despite dissimilarity of the 
flows, it was thought that this variable might prove 



to li« sitrnifu'anf . Accordingly, the ratios for samples 
in the nortli end of the valley were plotted (iig. 100). 
laopleths were not drawn for two reasons. First, it was 
apparent that four general areas occurred in which 
silt : clay ratios were markedly low in comparisoa to 
a rdatively liniform and higher value elsewhere in tlie 
basin. Second, sjimples that contained no clay had, 
of course, intinite ratios. The path along which theae 
infinite values occurred was recognised as that of the 
m<y>t frequent wind tnvk obsen-ed in the field (p. 137). 
For these reasons the four areas of low ratio were 
outlined, and an average value was obtained for the 
samples that occur within each area. The same proce- 
dure was uaed to separate the remainder of the basin 
area into fields of avengi* sat: day valne^ as ^own, 
and the inferred wind trsdc was dnwn skng the path 
of 0 clay percent. 

Several featnras of fignie 100 are worthy of diseos- 
aion. If the inferrwl wind track is followed as drawn, 
from the southeast corner northward, then the field 
of lowest silt; day valnea in the basin (U7) can be 
seen to lie in n reentrant to the right that is a natural 
depoeitionai area. One of the samples within this field 
is 6, —1 whieh is one of the two eioeptional samples 
noted above. The high clay content percent) 
of thie sample cAn best be explained by recourse to the 
wind deposition postulated. 

The loop drawn in the inferred wind track to the 
northeast of the 1.37 field could not have been ccwi- 
atructed exactly as shown from the data alone; the 
latter indicate only that the path must turn sharply 
to the left. A small incipient playa occurs precisely in 
this area, however. On several occasions, while in the 
field, gusts of wind approached this playa and circled 
it for a coiiiiidtirable length of time. The resulting 
windblown cloud of dust could be readily observed. 
The silt: clay ratios reflect this fact; high values en- 
circle the playa and attest to the winnowing of clay, 
whereas much clay is present on the playa pnpor. 
The great bulk of Pijier Mountain (pi. 8) apparently 
deflects the wind track to the west of the playa as 
sliown (fig. 10<^) ; the remainder of the track is prob> 
letiiatical. Tlie field with at'crage ratios of t i t may 
reflect both deposition of windblown clay along the 
elongate tongoe pointing west and some eontribatimi 
of clay from the northeast comer of the basin by run- 
oflf. The clays derived from the basalts in the north- 
east comer are well delineated by the 6.50 field. 

The infinite value that occurs in the extreme north 
end of the basin is also interpreted as part of the 
wmd track. Wind directions in this area were not 
noted in the field, however, and the track is arbitrarilj 
diown leaving rather than entering tlw basin. Upon 
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occaai<m, the winds might equally well eoter the bwun 
ekiDg this Toate. 

The remaining field of low silt: clay ratios (03) 
in the northwestern part of the basin is not thought 
to remit from wind action. The basalt mass in this 
area (fig. 87) has probably contributed to the rela- 
tively high clay content represented by the field. 

Samples from the Antelope Springs channel contain 
less clay, on the average, than do those from the north 
end of the valley or elsewhere (table 3). This may be 
attributed to the fact that much runoif o«:ur8 within 
the channel or that the rock types present do not 
weather as readily as basalt and grani te. No consistent 
downehanael changes in clay abundance or in silt : clay 
ratios occur. This probably results from the fact that 
each zone of bankful deposition (pi. 9), to be discussed 
below, acts as a separate source area at various poinus 
in the tibaiUMl system. 

In summary, the study of silt and clay indicate that 
(1) clay is relatively scarce, whereas silt is abundant 
today ; this is true not only for fan surface and channel 
samples but for mudflows as well; (2) silt: clay ratios 
reflect, in part, the effect of wind action, and in Deep 
Springs Valley the dominant wind track can be in- 
ferred from these ratios; and (3) wind action can affect 
the size distribution of basin sediments by reapportiou- 
ment of the finer fraetiona. 

PARAMBTERS OF THE BIZK DUIBlApnON 

It should be apparent from the foregoing discussion 
of granules and silt: clay ratios that any attempt to 
chuieteirue the granule-to-clay fraction in a bolson 
environment that i^pores the tails of the frequency 
distribution is apt to be uaelesB. The statistical meas- 
TOW used in thii rapoit mm chosen, as noted above, 
because they enoomposs a reasonably large percentage 
of the total distribution of any given fraction and 
therefore reflect the variations in abundance of gran- 
ules and sill fiixl < lay in the basin seilimeiits. 

Previous studies of the size distribution of sediments 
hav« treated beach, dune, and river sands m ▼arious 
conifiinations (Mason and Folk, 1059: Friednifiri, lORl). 
These studies have mainly sought to establish criteria 
for dbUnction between the environments cited, and 
they havemet with varying degrees of success. The »p- 
proach consisted of the delermijiiifion of nipun «ize, 
standard deviation, skewness, and kurtosis, followed 
by plotting of these variables against each other in one 
or more of flio six jmssilde foinhiiKUions. In fhp pres 
ent report the approach employed was to contour the 
areal distribution of each of the parameters. Certain 
of thetie maps have no parallel in the literature, to the 
writer's knowledge, and therefore cannot be compared 



with previous work. In addition, the granule-UMslay 
fraction has been treated as a distinct sedinwntAry 

unit, whereas the usual practice is to consider only the 
<2-mm fraction or else to treat the entire sediment 
if gravel and sand occur together. For this reason the 
absolute values (table 4) of the size-distribution param- 
eters also cannot be compared with previous results. 
The tnatment in this repmt, however, lends itself 
particulurly wpU to botli visual interjiroliif ion of the 
distribution of sediments and the geologic intetpreta- 
tioD of skswimB and kurtoua. 

The distribution of mean size of the gninule-to-clay 

fraction in the north end of Deep Springs Valley is 
Aown on figure 101. Because the contour interval te 

I in phi units, the values are inversely projxjrtioiuil to 
mean size in terms of ouUimetets, It is instructive to 
compare this map with those of iman pebble stse (fig. 
94) and others and to note the approximate corre- 
spondence of closures or fluctuations. In figure 101, 
the large 2.0-phi cloeun on ft* WTman^Orooked Greeks 
fan, the L'ontour finp near tlie apex, and the size re- 
versal along the iwrthem edge of the fan all hnve 
their equivalents on the pebble map. This distribution 
pnjbably reflects the fine sediment that is contributed 
from the basalt mass (fig- H7) at the basin margin. 
The »lt: clay field of 4.88 (fig. 100) in this region and 
the lo<:-ation of the S-ijeroenl f;rnnule contour (fig. M) 
around the fan apex indicate that this is true. 

Siie fioetiiation in the «nter of the pdible sup 
(fig. 94), which bears resemblance to a pair of "sunny- 
side" ^ggs, is repvBSBnled on figure 101 by the 1.6-iriu 
revinsal belt in the same kication. 

The flood of fine sediments contributed from die 
weathering of basalts in the northeast comer of the 
basin is roughly outlined by the linear 2.0-phi field 
on the right side of figure 101. Tliis contribution was 
noted in discu^ion of silt: clay ratios and is shown 
on figure 100. There is also a general deficiency of 
grannies within the area (fig. 99). 

Tlie zones of wdimonf mixinp in the north end of 
the valley apparently resiilt not only from the inter- 
section of sediment transport paths, but they also 
reflect additional complications produced by wmd ac- 
tion and the differing size contributions of individual 
rock types. The mean-size distribution (fig. 101) sug- 
gests that mixing occurs, but the map cannot reveal 
how or why without recourse to the additional dau 
discussed. 

Fluctuation of mean aise in thm Antelope Springs 

channel (pi. 9) is shown on figure 102. As noted aliove, 
each zone of bankfull deposition probably represents 
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gTAHDABD DSTIATIOir 

The iDclusive graphic standard deviation (ot) of the 
gEsnule-to-cIay fraction in the north end of Deep 
Sipiings Valley is shown on figure 103. The degree of 
sorting increases down the WymaoOrooked Creeks 
fan toward the basin center, from the northeastern rim 
of tlic basin. The niap suRgostii that the more highly 
sorted material in the lower right comer, enclosed by 
the 1.9^ tsopleth, may be derived from the Wyman- 
Crooked Creek.s fan because of the accordance of trends. 
Thii» was not implied by the mean-size map (fig. 101} ; 
the ongin of the eedimeote in ttus area was indeter- 
minate' 



Sorting decreuscs to ritlipr side of the best sorted 
sediments, culminating in 2 belts of 2.7<r^, labeled A 
and B, bat the reason is not evident froin the map. 

If ?ilt : i ltiy rHliiis and the inferred wind truck (fig. 100) 
are considered, however, then one explanation can be 
oflfered. The area of wuidblown clay depositaon in the 
basin reentrant (1.37 field) is Rdjacent to one of these 
iMoplettu (il,) on figure 103. The surface samples in the 
1 .37 field eoDtun ahtmdaiit fine mstctial and are weU 
suited (1.5<r«). Tlie belt of 2.7ir* values to the left 
at At, however, lies ju^t to the north of the inferred 
wind traok, and the poorly aoited material in this «>ne 
might he expected beciuisc of the 3.1«^high that heads 
into this area from the northeast. 

The other S.7«r^ belt to the west (fl) and the lai^ 
adjacent 2.3<7<^ field probttbly re.<uU from influx of clay 
(fig. 100) combined with the granule concentration (fig. 
99) in this ana. The distribution of mean aiae of both 
pebbles (fig. 94) and the granule-to-clay fraetian (fig. 
101) al»o ahowa lugh values in tliis part of the basin. 

The data on granoka and site:«la]r ratios, which 
represent the tails of the granule-to-clay-size frequency 
distribution, ahow that standard deviation also retlects 
the complex mixing of sediments in th« north end of the 
vaHcy. Standard deviation, like mean siae, eaanot 
alone describe the distribution of sediment. 

Standard deviation is plotted against distance from 
the fan apex in the Antelope Springs channel on fiiriirc 
104. The data suggest a general downstream trend; 
standard deviation decreases from abottt 3.0 to 1.0r^. 
This decrea^^e nccords with a dlsnppearance of granules, 
the low abuadaace of clay, and the fact that most of 
the channel samples are unimodal. These factors ma7 
indicate Ihiit the sediineiits buve been >iubjected t^ more 
frequent runoff than have tliose in the north end of the 
vallej and therefore tend to beoome better aorted. 



Inclusive ^rnphi" skpwnp<!s of the pfranule-to- 

clay fraction in liic north end of Deep Springs Valley 
is diown in figure 105. The general appearance of this 
map, in contrist to fhofse showin;; mean size (fip. 
and staiidani deviation (fig. 103), is striking. Tiie 
writer mast confess that if he were confronted with 
snrli ti map in flu- liteintntv, the (jrpc to test tlie 
validity of the contouring w<»uld Iw irresistible. The 
reader is provided with the opportunity to satisfy his 
own urge tlirough access fn the basic datn in t;i1)1e 4, 

The most important single feature of tl»c diaiributmn 
is the field of aero skewness. This defines more dejirly 
(hnn l>pforv the zone of sediment mixinji in the busin 
because it reflects a balance between the tails of the 
freqnen<7 distribution. With reoourae again to the 
grannie (fig. 99) and silt :cl^y ratio (fig. 100) diatribii' 
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t ions, t he skewness map can be seen to depict accurately 
the effects of mixing of sedinMlitS within the basin. 
High skowiipss v!ihi«? occur in areas where g-nimiles 
ar« abundant and decrease to zero where this size class 
either disappears or is bcltuioed by tn influx of fins' 
grained sediment. 

Skewness of the grauule-to-clay fraction in the sam- 
ples from the Antdope Springs chuuiel is shown on 
figure lOfl. Skp^\Tie!5s mno;ps from +0.62 to —O.P,(). 
The channel siunplt-s are, on tlio average, only sliglitly 
positively skewed, nnd valufs fluctutlts around -|-0.15, 
nppioximMtrlv Phis miglit be expected in light of 
data previously provided; two-tliirds of the samples 
STB unimodsl, and all hnve s high oonoeiitniti<m of 
sediment in the medinmHawid eiae class. 

As defined in the discussion of basic data (p. 144), 
graphic kurtosis is the ratio of the spread of the tails 
of tlie distribution to that of the central portion. It is 
a measure of oonsidenible sensitivity, and it was antic- 



ipated that Inittosis might prove useful in a treatment 
of bolson sediments, because the tails of the distribution 
are of primary concern. One would expect that tlw 
kurtosis distribution would complement that of skew- 
ness, because the latter reflects the relative balance of 
the tails whereas kurtosis reflects their relative abtm- 
danoe. This expectation has largely been satisfied; it 
will be diown by oompariaiMi «< dnwness (fig. 106) 
with kurtosis (fig. 107) distribntianB in the north end 
of Deep Springs Valley. 

Kurtosis values are shown (fig. 107) in terms of 
departure from normality {Kg = 1.00) times 100. 
This means that the largest map value (85), for eX' 
ample, represents samples for which the spread fnnn 
^> to is 1.85 times as large as it would be for samples 
with normal kurtosis. It is evident that the belt of 
greatest dspartures on figure 107 cuts across the upper 
portion of the zero skewness field (fig. 105) in an east- 
west directiwL Hits shows that although the tails of 
the distribution beoome balanoed, the magnitude of the 
spread of the tails remains high and actually increases 
to the west. Consideration of the grannie distribution 
(fig. 99) and silt: clay ratios {flg. 100) provides good 
reason for the location of the high kurtosis closure in 
the basin center; an abundance ot both day and gran- 
uki ooeon tibsireL 

TbB adjaosnt high kurtosis closure to the south, with 
a map value of 80, reflects the complexities of sediment 
mixing referred to above. These complexities include 
windblown day deposition, the occurrence of granules 
and coarse sands contributed by the eastern reentrant, 
products of the weathered basalt from the northeast, 
and sediments derived from the Wyman-Crooked 
Creeks system. Kurtosis is sufficiently sensitive to the 
presence or absence of fine sediment in the basin sam- 
ples to suggest that the inferred wind track (fig. 100) 
may be slightly miskicated as drawn. If the track were 
shifted slightly to the north along its reach between 
the 1.37 and 4.44 silt: clay ratio fields, then it would 
better coincide with the break between the two ad- 
jacent hurtoms hij^s of 85 and SO (fig. 107). 

The reiiininder of the inferred wind track need not 
be altered. It is interesting to note the support that 
each variable lends to the other. This would, of course, 
be predicted from theoretical considerations. The kur- 
tosis low (—20) to the cast of the two highs discussed 
above, roughly accords with the loop in the wind track 
(fig. 100) at the incipient pisyt. As the wind track is 
followfd from the ]i\nyn to the west and then south 
it coincides with a well-defined area of nearly normal 
kurtosis values that border the dominant (66) hi|^ 

Another l>elt of high kurtosis values thai extends from 
the northeast comer of tite basin to its center is prob- 
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•bly a reflection of the merger between the granule 
ton/^e (fig. 90) in the upper part of the basin and tho 
6.50 silt: clay ratio field (fip. 100). 

Finally, kurtosis values on the Wyman-Crooked 
Craeka bok am wortJiy «f note. Dnpiite the imet that 
the ha??alf on the north side of the fan (fi>^. S7) ron 
tributes tine sediment, as shown by both the mean sizo 
(Eg. 101) and silt: day (fig. 1€0) diatiilnidons, gnm 
ules ntr ix-latively s^nn^e f fig:. 99) and tliishaaproducecl 
low kurtosis values. The zero field = 1.00} ac- 
cords with the Hn limits in this (fi|t. 107). Li 
iuldition, kiirfrv^if; is the only parnmoter disfussod thus 
far tu suggest that the sedimentary trend of the fan 
is toward the east as well as toward the south. The 
probability that st-diments from (he Wyman Crooked 
Creeks area were formerly transported to the east was 
mentioned earlier in connection with Fleifltooene Im- 
tory. Sediment trnn?])ort paths inferred from flie tnn^- 
tive force data, to be discussed below, also support 
this contention. These facts also attest to tlie useful- 
ness and spnsitivity of kuriosis in the interpretation 
of clastic sediments in such an enviroonient. 

A scatter plot of inirtoeis against distance downfan 
in the Antelope Springs channel (fig. lOB) shows that 
within n wide scatter kurtosis dot'sva^es slightly, ap- 
proHcluiig normality near the end of Che channel. 
tmauMT OF sKB^nsnnvnov ranaxnna 

It has been shown that eucli of the parameters of 
the granule-to-clay fraction is a mappable variable 
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and that useful information can be derived from such 
maps. The tails of the sixe di^ibution are of funda- 
mental importance in the interpntation of bolson sedi- 
ments because they have a marked effect upon the 
parameters. It is probable that significant quantities 
of gnmules and deposition or winnowing of fine secU- 
ment are common to all bolsons. The parameter maps 
and their implications should, therefore, have applica- 
tion to hasfais other than Deep Springs Valley and 
possibly to ancient sedimentarj' dejxjsits aa well. 

The tntip of eHcli of the four parameters of the size 
distribution re<}uimi some knowledge of the distribu- 
tion of the tails for satisfactory interpretation and, of 
course, all the maps are indeed interrelated. For this 
rsason it is not possible to claim that certain of the 
parameter maps are of greater significant than others, 
but the reader of this report will probably agree at 
this point that the two orphans of ba^n studies, namely 
skewness and kurtosis, have been much negleited in 
the i>a.st. In addition lo tiie ntentg of these two vari- 
able in investigations of sediment mixing, tlieir abso- 
lute values may someday prove to l»e of sigiiifi(*ance. 
If competence is affected by the range of size of the 
sedHment present (Fahnesto^, IMl), then afasolvie 
kurtosis viilup.s m-e tlie 1»est menns of comparing range 
of size. Hence, the kurtosis of sediments should be 
oMisMarsd in «diw«nt-tmisport problems. 

To detemune. the kuds of day minerals present in 
the basin aedimcnts sad thsir reUtive abundance, 
4.^ maniples were stndied. These inehide 18 from the 
Antelope Springs channel, 20 from the northern end 
of Deep Swings Valley, 2 from Pkiute Chute, and 
3 samples from mtidflowB. Two of the last were 
obtained from a niudfiow that occurred in Owens 
Valley, west of Big Pine, Calif., on August 22, 1901. 
'niese samples are fisted in table 6 together with tlieir 
respective clny-irtineral ratios that are discussed below. 

Oriented clay aggre^^es were prepared on glan 
slides by sedimentation, and dillraetion data wwe 
obtained from a Norelco X-ray diffraclometer with 
automatic recording unit. The samples were initially 
ran untreated; after saturation with distilled water 

a second pattcnt was obtained for cacli, un- 
treated samples exhibited one peak intensity corre- 
sponding to an interiayer spadng ranging from 14.21 A 
to 15.80 A Siiluralion with water shifted this peak 
to smaller 2 0 values, indicating expansion. The 
expanded interiayer spadngs ranged fran 17 A to 30 A. 

Hf-nu^c tlii> |m|)cr i> nnf deroted to an intensive 
quantitative study of clay mineralogy and because of 
the marked expansion with watsr notad above, #y- 
eolation was not deemed neosassxy. Hie mineral 
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group that expands from 2 A to 4 A in the presence of 
water in dawgnntod as montmoriUonite in the ratios 
praeentad. It should b« rtwuaad, how«T«T, that this 
designation undoubtedly includes various niixed-liiyer 
cl&y mineralB. This is attested to bj the lack of 
■harpneee of many of the peaks and not uneonunon 
base distance of about 4° 2 5. 

A nonexpanding clay mineral with an interlayer 
wpKSDg of 10 A luw been dericnated as ilfite and a 
second mineral, with ii j)*ak corrftspondinf; to a s)>aoing 
of 7 A, as kaolinite and (or) chlorite. The separation 
of the (002) redeetion ot chkxita from the (001) re- 
flection of kaolinite by heating or othpr nipthods was 
not attempted. It was noted, however, that no recog- 
nisable prak cotresponding to 14 A wae preSNit after 
wfitpr saturation of the samples. This would suggest 
that chlorite is not very abundant in the samples 
stndiad; the fact that chlorite and (or) kaolinite is not 
abundant can 1» socn from the data (ftp. 10ft). 

To determine the ratio of montmoriUonite : illite : 
kaolinite and (or) dilorita^ as tliey are defined above, 
the integrated ureas of flip {00\) reflo<-tions were deter- 
mined by planimeter. These areas are linear functions 
of the weight percent of each mineral (Talvenheimo 
and White, 1952). Miuiy factoi-s will, of course, affect 
♦ he reflection intensities. Among these are the polari- 
zation, Lorentz, and temperature factors, the degree 
of cryslallinity, chemical composition, and others 
(Cullity, 1956). Because tlies«> ftutofh have Wen i<r 
nored and because montmoriUonite is defined on the 
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sole criterion of expandability, tbe reaults presented 
must be regarded as appnnimations. 

'Weaver (lO.'iR) stated tliat a sample with equal 
amounts of montmoriUonite and illite will yield an 
integrated intensity ratio of 8:1 in favor of mont* 
morilionite. This result holds for 14 .\ ntontmoril 
lonite; other ratios, varying with tb^ montmoriUonite 
interlayer spacing, have been published. As pre\nously 
indicated, a montmoriUonite group nither than pune 
14 A montmorillonite is treated in this report. Because 
some value must be choeen, howevmr, a fMtar of SjO 
was a.ssi^ed for montmoriUonite group spacings as 
wide as 144> A and 3.5 for spacings of 15.0 A and 
greater. Aooordingly, planimeter measnrements of the 
integrated intensity values for the (001) reflection 
of illite have been multiplied by 3.0, as appropriate, in 
order to arrive at the oiontmorillonttetOlita latioe 
given. 

Johns, Grim, and Bradley (1954) state that equal 
amounts of kaolinite, sedimcnlary ehknite, and ilUte 

will yield equal integrated intensities. The illite: 
kaolinite and (or) chlorite ratios can therefore be de- 
termined directly from planimeter measurements of the 
integrated intensities of the icsspeetive (001) nfbetion. 

The montmorillonite (group) : illite : kaolinite and 
(or) chlorite ratios, determined as described above, 
were recalculated to a base of 10 and tiaed to pkA the 
three-component diagram shown on figure 109. Despite 
the qualitative to semiquantitative approach employed, 
which renders the data valid only as a first approxima- 
tion, two conclusions may be drawn from the diagram. 
First, a considerable range of montmorillonite : illite 
j values exist despite the fact that all samples occur is 
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a relatively uniform climatic environment. This sug- 
gests a relationship between day-mineral type and 
MNinse'nMk ecmporftkm, which is to some extant borne 
out by the data. Samples exhibitinp high montmoril- 
lomte:illile values occurred mainly in basalt-rich 
anas, wheiMs til aunplM but om frmn the Antelope 
Sprinnr;^ rlintinel contftinpcl more illite than montmoril- 
lonite. The source rocks of the Antelope Springs sedi- 
roentfl are omnpkx, but tlugr include no buBlL The 
suggestion thnt a ootrdation exiflts is mpportad \^ 
previous work. 

DrMto (1961) atndi«d the day-mineral aaBemblagae 
in scvenil ralifornia basins that are in the neighbor 
hood of Deep Springs VaUej. He found timt the clay 
stiitee strongly reflect parent rock types; samples rich 
in niontnK>rillonite often contained volcanic j^aeBh 
Kardley and Grosdetsky (1960) also reported theoccur- 
i-ence of abundant montmorillouite in association with 
an ash layer in th«r study of a core fran the Great Salt 
I-ake. 

The approximate constancy and relative scarcity of 
kaolinite and (or) chlorite suggested by the data on 
B^re 109 also agrees with Droste's (1961) results. 
In Deep Sprinps Vnlley the sum of illite plus mont- 
morillouite in the average sample is about 80 percent. 

Because of these facts, the writer was tempted to 
treat olay minprnlojry in the samp manner ns other 
variables already discussed and map the distribution 
In the basin. The data cbtained, howevw, are botii 
too few and too approximate. In addition, recourse to 
mixing of clays by means of wind action in order to 
explain exceptions proved necessaiy in an initial at- 
iMnpt. For these reasons it was oonsidend best not 
to prrvccpfl beyond the prpf?pntation on fipiire 109. 
(.'lay mineralogy might well prove to be a mappable 
parasoeter in many w«st«n banns, however, if detailed 
studies were tmdertakm. 

nDDMBNT TBAimon 

An important aspect of the transport of sediments 
on alluvial fans is? the comp<>teni'e of the transporting 
medium. Although (he occurrence of large particles 
on alluvial fans implies a high degree of competence, 
It should be borne in mind during the disrn5Nsion that 
follows that the nature of the source rock is a factor 
of importance. The CMnpetence of the transporting 
medium may hare been sufficient to move still larger 
particles than those seen on fans, had they been avail- 
able at the sonroe. It cannot be aswimed, tbeiefore, 
that the competence of t raiisport was necessari^ greater 
on fans that exhibit the largest particles. 



ooxramro oowBiDKRATioira 

Competence is usually equated with the velocity of 
flow, and the relationship is stated in terms of particle 
diameter. Ldiavaky (1W5, p. 24) states that the earli- 
est formula was provided in 1753 by Brahms who 
employed particle weight rather than diameter; but 
the report of Suchier (1883), listing velocities reqpuisd 
to transport particles of "pea," "hazelnut," and "pigeon 
egg" dimensions, is typical of several early treatments. 
Gilbert (1914) considered the transport of particles as 
large as 6 nun in diameter, as did Nevin (1946) who 
reviewed the oompstence problem. The basic compe- 
tence curves of Hjnlstvflin (1935, p. 298) have been 
extended and modified to include the transport of cob- 
bles (Menard, 1950) and boulders (Fahnestock, 1961). 
Menards work provides some information on the 
velocities necessary to keep a moving cobble in motion, 
but these are not oomjMirable to the velocities required 
to initiate movemsnt. The study by Fahnestock has 
produced the most pertinent data: the particles con- 
sidered were as large as L8 feet in diameter. It was 
foond that these parUelee moved more readily than 
would have been predirted ; tliis was aftrihnted to the 
presence of a mixture of sediment sizes. Even the data 
of Fahnestodc ( 1961 ) , however, cannot be safdy extrap- 
olated to include particles from several to many times 
as large, that occur on alluvial fans. The use of any 
velocity power law is, therefore, best avoided. 

As sn alternative measure of competenee, tractive 

force can be emplnyrd. This is expressed as T~ydS, 
where y is the Hpeoiiic weight of the transporting 
medium, d is the depth off flow, and b the slope of the 
enerpy pradient. The tractive force thus defined per- 
tains to the shear exerted on the upper layer of the bed 
material. The formula, or some variant thereof, is 
widely used in engineering studies and pro\-ides one of 
the few available means of obtaining an approximation 
of the competence of tranapoirt. It m used in this re- 
port because S and d can moce leadHy be estimated than 
the velocity of flow. 

It should be emphasiisd that, at beat, only an ap- 
proximation to the true competence of transport can 
be sought in the field. For this reason several slightly 
more sopMsticatad fcnmulae have not been considered. 
The ithear exerted upon a boulder in a channel bed, for 

example, rai|^t be determined from the r^tionsbip 

FIA 

-^=Cb (Bouse, lOGO, p. 122), when .A is the area 
of the projecting surface, normal to the direetion of 

flow, p is the density and r the velocity of flow, fp is a 
drag coefficient, and F is the force or shear exerted. 
Any attempt to snbstitnte yahies for the denaiiy, 
velocity, an^ drag coafficiant nqnrsd, howavir, would 
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be a guess at best; such variables cannot be derived 
from field data. 

Having chosen the simple expression T='YdS, the 
main problem lies in equating field data with the re- 
quired variables so that tractive force, or competence, 
can be det«rnuned. The key to a field approximation 
of tractive force is thought to lie in consideration of the 
largest particles. Several boulders contained pockets 
of pebbles, sand, silt, and cJay on their uppermost side, 
several feet above fan surfaces. Because the finer sedi- 
ment in these pockets is diverse in both Uthology and 
size, it may represent a part of the sediment load that 
was transported together with the boulder and trapped 
upon cessation of the flow. Although later floods 
might have emplaced some of this sediment, this possi- 
bility seems more remote. The fan surfaces show no 
sign of subsequent floods; weathering stain or varnish 
extend down the sides of boulders to precisely the level 
of the fan surface on which they rest. 

Tliese observations suggest that either the depth of 
flow exceeded tlie diameter of the largest particle dur- 
ing transport or the finer sediment was acquired by 
the rolling of boulders through a shallower flow. 
Leopold and Miller (1956) stAte that cobbles moved 
in flash floods in arroyos even when the water was no 
deeper than half the diameter of (he rolling object. 
On (he other hand, (he upper reaches of the Owens 
Valley nnidflow (figs. 110, 111) clearly exceeded in 
depth the dianiefer of the largest particle. Depth of 
flow can therefore range from a lower limit of half 
the diameter of (he largest particle to several times 
this value. IJecause a relationship exists, miucimum 
particle size has been substituted for d, the depth of 
flow, in (he tractive force expression. This value may 
be too low for the upper reaches of fans and too high 
for the lower reaches. It should be noted that this 
substitution cannot be made in areas that contain 
deser( pavements, l)ecau9e in such areas (he largest 
particles break down (o smaller fragmen(8 and (he 
original dimensions are therefore unknown. 

The required slope in the (ractive- force expression is 
that of the energy gradient, whereas (he slopes meas- 
ured in the field, by methods previously de.scriljed (p. 
141), are equivalen( to bed gradients. Many meas- 
urements indicate (hat the bed slope is often a good 
approximation of the energy gmdien(, however. More- 
over, efforts were made to mea.sure a reach that cor- 
responded witl> the most probable paths of sediment 
transport. Although lociil runoff may produce modi- 
flcation of slopes on fan .surfaces, this modification 
might well consist of uniform lowering over a given 
reach. For these reasons the Iwal slopes at each sam- 
pling point have been substituted for the slope of 
the energj' gradient, in the (rac(ive force expression. 




Floi'KB 110.— Lataral rtew of the apper mch of Ihn Ovnu VtUtiy mudflow. Tb* 
deptb ot flow at A wat about 12 fmc and «ioeed«d the dtamel«r at Ibt largntt 
pttitjclc tlmt WW* tnuixfiorUid. Thr miKlflnw hu hivn dtowrtod hy a mibwqucfit 
bltb-VBler itaco; flowing wal«r Is rbiblr twlo* A uid to tbe left ot center, .Not« 
lh(t dark color and vfaiooaa chnrnctfr of tbf mudflow d«poalt. 




FlorKK III.— \>wdowiuu««in In tbeuppOT reach of (to Ovou Vallajr uradtlow . 
MtKh of the mudflow hv bwo fluiihfd frntn tbn channel by tbr turliulrnl wat«r; 
tlie wlilib uf flow at A is ulnut i Ittl. Openwork (ravels nay remit from ChH 
procenwheo mjbmquenl bl(h-wnter sla(M fliuh material In bankfull (Icpoiltloa 



Field values are l>elieved to be better approximations 
of (he slopes that prevailed during true flow condi(ions 
than values obtained from topographic maps. 

The remaining variable is sjjecific weight, or density 
times the acceleration of gravity. Because no single 
value for (he density of a flow down an alluvial fan 
can reasonably be subs(i(uted in the tractive-force ex- 
pression, this variable has been omitted. The tractive- 
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force approximation in this report consists, therefore, 
of computing dS products, which are directly propor- 
tional to tiuctive force. These products were computed 
for each sampling station, their distribution mapped, 
and the maps interpreted as reflections of the compe- 
tence of tlie transporting medittm. The actual tractive- 
force values can only be determined if one assumes 
an arbitrary value for the speoific weight of the 
transporting medium, 

DISTRIBtTTIOJj Ol' ESTIMATED XBACTIVK FOKCK 

Tke distiibut ion of slope-maximimi parlic.lc-size 
products, or estitiuiie*! tractive force, in the north end 
of Dt-fp Sprinpi Valley is shown on fi^uif "112. suul 
the disiribution on tlie Antelope Sprin/LCs fan is shown 
on figure 113. The basic data are listed in table 1, and 
the locution of sampling stations is shown on figures 

J>0 and yi. 

Tiie spacing of isopleths of estimated trai tive force 
on the Ant^lnpe Sprinn;>« fnn ffi;?. 11^) is ruther uni- 
form and is only slightly le« in the north end of 
the valley (fig. 118). The size distribution of pebbles 
Cfip. 94) does not accord with ii unifonii deorease to- 
ward the basin center, liowever, and the reialion of 
maximum particle size to dope (figS. 92, W) e.T}iibits 
ronsidpniblo scatter. Large particles occur more fre- 
quently in apex reprions (p. 145), but they are by no 
maana restricted < t'se areas, ivs attested to by the 
occurrence of Ixxilders on playas. T'^tdes.s an exceed- 
ingly gross contour interval is chosen, tl»e distribution 
of the latiteBt partieleB cannot be napped. If the iso- 
pleths shown on fitnircs 112 nnd 11" reflprt the distribu- 
tion of competence, then one is confronted with the fact 
that, although the decrease in competence downfall is 
fairly uniform, mazininm particle aie ezhilNtS con* 
aiderable fluctuation. 

This anomaly requires explanation. If one stresses 
the fact that a decrease in the avcmp- tnaximum parti- 
cle sizp occurs on fans in order to obviate the problem, 
then the question of why the average size should 
decrease, will arise. This could be answered by re- 
course toselectise sotiin'j, l»ut ihf Ixilson fuvironment 
ia notorious for lite )x>or sorting that occurs therein. 
THie floods described by Krambein (1940) and Sharp 
and Nobles (1953), for example, both produced poor 
^forfinp and an irn'L'nlur decrease of size. Moreover, 
Hoods of sufficient comjietence to traiis^wrt the largest 
particles p r e ean t probably lie in the mass transport 

rc^rioii of thi' st'diment tn\nspnrt spcctnini. for uhich 
a high degree of selective sorting is not characteristic. 

It b posnble that floods of variable disdiarge could 
transport ssdiment ovsr correspondingly varied dis- 



tances downfan, but this would stiU fail to explain 
the transport of large particles across regions of gentle 
or zero slope. It is thought that transport by density 
flows, attended by buognm^ and momentum effects, 
provides the niMt rsasonabla answer to the observed 
anomaly. 

I^ZRKOTIONS OF SSDIMENT TBAN&FOB.T 

If slope-maximum particle-size isopleths are accopted 
as an approximation of competence isopleths, then 
orthoponiils to these contours should rcprejw'nt direc- 
tions of sediment transport. This as.sume.s only that 
competence should decrease in the direction of flow. 
.\l(hou<:li an infinite set of orthogonals can l>e drawn 
tlir«u|ih any isupletlis, those orthogonal^ shown (figs. 
112, 113) represent a logical choice because they were 
drawn through contour trends. .Vfter drawing these 
orthogonals, it became appai-enl lliat their paths cor- 
respond closely to the location of channels on the fans. 
Field notes confirmed this correspondence, but to test 
the predictability of the method, two additional areas 
were studied. Paiute Chute (fig. 88) is a small fan 
that contains a very obvious active channel. Traverses 
were made up the active channel to the fan apex and 
douii the fan sorfiice, following boulder trains and 
other features suggestive oi a former flow path, north 
of the channel. Slope and maximum particle size were 
determined as before at 100-fool intory-als along these 

2 routes. Slope-naximum particle-size products and 
sample locations are shown on figure 114 and the basic 
data are listed in table 1. 

Figure 114 shows that competence} approximated as 
before, decreasss in a relatively uniform manner down- 
fan. The data (table 1) show that the largest particle 
in the active channel occurred approsimately at mid- 
^ in this instance. Bstiroated tractive fbfrce isopleths 
drawfi for Paiute Chute would show a trend in the 
contours along the path of the active channel, because 
the values within the channel an greater than on tiie 
fan surface. 

Two miniature deposits in Westward Pass (pi. 8) 
were treated in a rimilar manner. Dnpite their small 

size, each contains a pronounced active channel, and 
estimated tractive-force data were obtained. Values 
along the active channels of these small fans are 
shown on figures 115 and 116, respectively, and the 
basic data are listed in table 1. Sampling stations were 

3 feet a|)art, and slopes were measured by placing a 
Bmnton compass on a board 1 foot kmgon the channel 
floors. One of the fans ((!•:. llfi) was tCKi small to 
allow a surface traverse, and the opportunity to chase 
a possible flood in another area interfered with oon- 
pletion of a surface traverse on the other (fig. ItS). 
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The results show, however, that the valaw approzi- 
mftting competeDce again dcenaw downfaa with 

j^ater re^larity than does niaxiinutn particle size. 

The evidence cited suggests that orthogonals drawn 
through estimated tractive-force iaopletha delineate 

putha of nediment transport . ThoM oiChogonaU drawn 
ihrou^li (loiiiiiiant tiviids in the f^ntonrf roinride with 
active channels on alluvial fans, which are the most 
reomt paths of sediment transport. 

CHANNELS ON ALLUVIAL FANS 

All the fans obiwrvcd, both in Deep Springs Valley 
and in the neighboring basins noted above, contain 
channels that extend from trunk canyons far above 
their ajpaz region to the middle or lower reaches of 



the funs. Channels arf inviiriiibly entrt'nclK'd and 
depths in the apex regions of the fans range from 80 
to 200 feet helow the sarfaoe. Uw sefinMnt trans- 
ported by modem flotxls is confined within these chan- 
nels and can be readily distinguished in the field 
because of the color contrast with surface material. 
Regardtoas of actual color, the reoent sediment is of 
lifrlifer hue because weathering stain is nbf^nt ; not only 
the more obvious channel on the Antelope Springs fan 
hut parts ol channels on adjacent fans can be distin- 
giiiclMd hj color oontraat. (See fig. 8B.) 
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Fioimc 111— M*p (Iwwtng Ibe dlnrlbutloci of rstiiu.^ii^i imcilvr hnr in iM 
me. 

Because recent sediment transport has occurred along 
entrf nched channel.«, no mafeiial has l>ocn added to the 
fan surfaces "'at the mountain front" on any fan. 
From a purely quafitatiire vbwpoiBt it is impomdhle 
to observe this and conceive that this state of affairs 
has always obtained ; the modem proceee must differ in 
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kind from that of the past. Further visual evidence 
is provided by the terraces that occur within tlie trunk 
canyons above fan apexes. These extend back into the 
mountains over distances on the order of miles and 




5 0 * 10 FEET 



Kioitsi U«.— DMrtbutlon ot Mlmaud Inetlrc ibra In llw cbvimel of « •cound 
mlnUlurc hn Id Wait««rd Pan. Although Ibii nhMS flu(tUiU« ldtthU]r, llwx 
d«cre«ar dotrnlBn fw more oooiistcntly Iban m«ilroum psnldf sIul 




Kioiu 111.— VIrw ol Ihc Anielopt! 8prin(i chkntirl, I S mlln ahoTC the mocui- 
Mln trmt. Not* llw Utnct at A, about S (m thon tbe beit tioot Ih* righl 
hank of the channel. This repnsimU the Ibrmer lerel of octradatton wllhln the 
c&tchintnt trt». It Is oootliiuotu with the fan sarlace. Mow the mountain front. 
The heUii u fM U f uu a choracter of the chanod ledtmrDts and the oocumnoe of 
uprooted tnea aad (taiutis are tjpleal of the aetlre duDatl. 




notnu 118.— view o( a low tamm in the Ant«lope Bprtnis ehaiuMl, 1 mile tbot* 
the motutt&tn front. Note that bedmck baa 1)ecti exhumod hy channel ctittinf 
and that th« part of the dipping strata helow the terra<« lerel b lighter In cokir 
than thai aiion, whidi b weathctvd. The height o( tba low torraoe In about 



in some instances to the divide areas. The low terraces 
shown on figures 117 and 118 are about 1 mile above 
the apex region of the Antelope Springs fan. In the 
general vicinity of the mountain front, the highest 
terrace level present is continuous with the fan surface 
below; this is true for all fans. The aerial view of the 
Antelope Springs apex region (fig. 119) illustrates 
this continuity. The higher of the two terrace levels 
that occur on the right side of the channel in the 
photograph is clearly identical with the level of the 
fan surface. The hanging fan seen at this point will 
be discussed below. The two levels on the right side 
of the channel are more evident in a ground view 
(fig. 120). The terrace relationships within the Ante- 
lope Springs drainage sj'stem are similar to those 
observed elsewhere in the Basin and Range province 
by the writer, and these relations suggest that at some 
former time aggradation took place within catchment 
areas as well as on the fan surfaces. Degradation has 
occurred since that time, however, and the loci of 
deposition have shifted far downfan. 

The active channel on the Antelope Springs fan 
(pi. 9) was mapped in its entirety and may be used 
as an example to substantiate this conclusion. The 
areas designated as zone.s of bank full deposition rep- 
resent the only parts of the fan where recent sediment 
has actually attained the level of the fan surface. At 
all points above the first bankfull zone, sediment has 
clearly been removed and not added. The low terrace 
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Flot'Ri 119.— Arrlal vV^w of thr spri irgtoo of iIm> Antrlopc Spring* tiui Note thr huoclni tan (outltnnd) that \t tormn] by the All to tlw snail trlhutar> aioyon to it» 
rtiilit. lU nirfnct' Is contlnuoiu vltb IhuX of Ilw Anielopr Sprints (on and wllli lemoes (urtlwf U|wlraam. Tli« >lwndaa«i bnldtd duniKli, Tbiblr on the hn nirlKC 
In thp fonvrouDi], am at « hither el«TBllon thnn th* floor ol the active chiinnel. 



near the fun iipex has a rover of siipe and otlier vegeta- 
tion, and the surface Hediment exhibits a weatherinf^ 
stain. A view of this terrace in section near station 9 
is shown in fipure 121. A few hundred feet below 
station 9 and on the opposite side of the channel, tliis 
low terrace lias been removed by erosion within the 
active channel. The fact that the active channel has 
indeed lieen deepened in tlie apex region is suggested 
by the abandoned channels (pi. 'J) with floors at the 
level of the low terrace. Other abandoned channels, 
farther downfan, are visible in the aerial view of 
figure 119. It is apparent that the floors of all the 
iibanduned channels, although below the fan surface, 
are at a higher elevation than is the floor of the active 
channel. This can also l>e seen on the Wynian-Crooked 
Creeks fan. The aerial view (fig. 87) shows se\'eral 
meandering and braided channels that are abandoned; 



the active channel is incised to a depth of about 40 
feet below their floors. The g^und view (fig. 122) in- 
dicates that the area occupied by the abandoned chan- 
nels may again represent the level of a low terrace, as 
on the Antelo|>e Springs fan, because there is a higher 
accordant level that was not apparent from the air. 

The deixjsilion that occurs today on the Antelope 
Springs fan is restricted predominantly to those areas 
at and below the first zone of bankfull deposition (pi. 
9). It does not occur in widespread sheets over this 
entire area, but in various transitory locations that 
depend upon the migration of braided channels. The 
aerial view of the fan (fig. 85) clearly shows the point 
at which extensive braiding begins; this point corre- 
sponds to the location of station 126 on plate 9. The 
various channels that head in the bankfull deposit ional 
zones may result from the high-water stages that follow 
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Ploi°sE 120.— Vl*w of ibe baiiitInK bin ihon ihc Antdofw Spring! cbuuel. The 
nirfKo IfTTl ol the hnogtat tu> (/t) Is conllnuotu mitli tli« blcbcr ot tbe 2 Umof* 
tbM an present knd to sboal 3S tert nhovr tbr floor of th« aetin cbanoel, wblcb 
t<!rmtiiiu<s Ihr tu. The low t«rr*w la liib«led H. Tbe bedrock In tba lom* 
rigbl eonwr of tbe phologmph hm bran rihamod. 




Fioi-u 121.— View of tbe low ttfTM* ol iiutlon « Id the /^ntt-lope itprlogB ch«DDel 
Not* tbo •ItentMloo o( bnls of aatnt and One ledltoenl in the imvct. which b 
about 5 h«i high. The Urfst panlelra on the floor of the Ktlvo channel lener- 
■lly eicacd tbe jtM of tboae prenn t In the buk* nnd on tbe tao atrfaoo In ibto ara. 



on the heels of mudflows (figs. 110, 111) and may be 
enlarged by seasonal runoff. Valley precipitation, as 
previously discussed, is probably insufficient to produce 
these features. The view downfan at station 126 (figs. 
123, 124) shows the abrupt occurrence and rapid en- 
largement of one such channel. Two other channels, 
heading in the bankfull deposition zone just above 
the highway (pi. 9), are shown at the point of contact 




Fioi'MC 122.— Oround view ol (h« Wyman-Crooked Crwks tan. The woordaoce 
of Um> turface of tbe Mrt at A and tl>e top of Die low hill at B sanati that (hoe 
Duty he remnaota of a lomier ooDllnuotu level. Tbe active channel lollowa tbe 
buaeol tbe ridge at A and b lIMlied to • depth of about tt lect, below tbcgeoenU 
level aeen In the tarecnxind. 




Fiotmi 111.- View downfan at tbo bankfttll dopoaltloo looe above ilatioo IM on 
tbe Antelope Sprlnri fan. There la a tendeoey toward oonveilty of ptofil* In 
tbls reclon. Tbe dinertuv cfaamiel lo the oenter of tbe pbotocrapb headi abrupt- 
ly In tbe mveli, wl Icb an at, orallnbUr above, tbe elevation of tbe fan nufaoe. 



with the gravels in figures 125 and 126. The gravels 
are commonly openwork to considerable depth. Rela- 
tively clear wat«r, flowing across and through these 
depositional sites, can account for both the winnowing 
of finer sediment and the fluctuation in mean size of 
the granule-to-clay fraction (fig. 102) noted above. 

The last zone of bankfull deposition (fig. 127) is 
opposite station 318 (pi. 9) and clearly indicates that 
coarse debris has been transported far downfan in 
recent time. It is probable that deposition in the mid- 
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FiGDBi IM.— CIcMup Tiew or the efasiuiel bnidlng In ttao twakfuU dvpoltlon loac 
tt lUttoo IX. Not* the rapid enl>rt«in*Dt ot tlw cbmnncl OT«r » tbort dMuoc 
and Um oaoTciUy ot prafllc 




tiovuE 13S.— View ol urtveU, wtnnownl of One Mdlment, oa the Antelope Sprlno 
Ikn. Thr largrat p*rtlc)« rtathl* Is kbout 4 feet In l]iUrm«dUt« dlune(«r. Note 
lb* poor aonlcK ol the univtli ud tlw •bundaoot o( Aon' aKllnirat in tti* iDn>- 
grouBd, KKfMttDK wtnoowloc 



die and lower reaches of the Antelope Springs fan and 
degradation elsewhere is typical of most fans in the 
region today. This fan is entrenched only to a small 
extent in comparison with larger fans that contain 
channels as deep as 200 feet ; and yet, abandoned chan- 
nels and terrace levels occur as described. If the catch- 
ment and apex region has been subjected to degrada- 
tion and if deposition occurs predominantly below 
midfan today then this fan is not being built up 




PlofRB Vtew o( • anun plungr pool at the contact betwam a dlaaactlnf 

clttnntl and lb« iMrnkfull d«po«ltian tone abon tlw hlcbvay. An abrupt br«ak 
In profile at thp con tart b typical; hem tlw pluogv-poot la about ZInrt dfwp. Tba 
traab Hcbt-ootimd debris In tbe rl(bt backfround Is stl(bUy abort tbe level of tba 
tan surface. 




FlQCU 137.— View ol tbe bankfull deporituo uoe new tUUoo US in tb* Antelop* 
Spclno cbannrl. Thla freah d<TO*lt Li lUfbiJy above the munl aurface lerrL 
It repnaenla sedlmestatlao at ibe lower limits of til* tut that md* to build It 
outward, Into tbe ralley pmpa-. 



by modern processes in a manner suggested by the 
usual view of fan building. The question to be an- 
swered is "Why has trenching of fans occurred between 
the divide areas and midfan?" 

CAUSE OF TRENCHING 

The occurrence of trenches in alluvia] fans is a fact 
noted by many authors, certain of whom have discussed 
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t luA results produced by t reiicliiiig rather thm& its cause. 
£ckis (1928), for example, thou^'hf thnt a geomorphic 
cycle was involved and that the onset of trenchiug 
signaled the beginning of the end for the fans. Bu- 
walda (1951) considcrod thp more effwtive transport 
of sediment to be fxix-i to<i. iirfjr\iiiig rliat the trenches 
would BAt lilw flniiu>s aiul funnel niiiterial downfan. 
Many authors have offered the view that deposition 
will occur where the trenches end and the width: depth 
ntM increases. This truth has little bearing; upon tlie 
cause of trenching of ulluvial fans, however. Two 
poissible causes will be considered here, tectonic move- 
ments sod Tariation in tvactive fone. 

Tectonic ezplanationa for a variety of plMiUMneiia 

have been invoked in loctil studies within the Rnsin and 
Range province and elsewhere. The trenching of fans 
lefened to in this report, however, is wrtranady wide- 
spread and requires a t'-r'""il rsither than local ex- 
plaoatioo. If uplift induces downcutting, then approx- 
imately synohronoos movements of most of the ranges 
in the Basin anrl Ranpe province must be invoked 
lo explain the trenching of fans. Even where uplift 
can be damonstnited for an individual range, however, 
several difficulties emerge from direct cause and effec t 
oorrelation of uplift and the trenching of fans. 

The tectonic hypothesis is predicated on the concept 
that uplift will increase channel dopes and the velocity 
of flow, (hereby inducing' erosion or depradation. Tlie 
actual increase in slope that can occur from a given 
uplift is seldom cited, however. If the Wliite Moun- 
uins (pi 8.) are used as an eiamplsi, the ealeulatton 
is instructive. 

The range is about 20 miles wide, and the relief is 
roughly 5,000 feet. An appruximatioii to the overall 
elope, from the divide to a fan apex, is therefore 
0.094 foot per foot. The actual channel slope will 
exc«ed this value near the divide but will be less than 
this value near the mountain front. If an absolute 
upUft of 1.000 feet occnned instantaneously, this 
value Would become 0.113, an increase of 0.019 foot 
per foot. This is a rather small increase in view of 
(be extreme uplift conditions postulated. Epply (1961) 
has shown that even the most severe earthquakes with 
high MercalU intensities are usually amocisted with 
throws along faults of no more than about 30 feet 
The effect of the average upUft upon slope will there- 
fore be extremely smaU. 

Moreover, vstoeity and dope are related by the 

Maaniiig equation, namely, v=^^ B^S^, where v 

n 

in velocity, £ is the hydraulic radius, and Sis the slope. 



The exponents in this equation show that ehanfee in 

the hydraiiru' radius, svliieh is h function of discharge, 
have a greater effect upon velocity than changes in 
dope. In addition, it has been pointed out by many 
authors that velocities are not nerpssarily hiph in the 
mountains, where steep slopes occur. The mean 
velocity of nvevs, in feet, tends to either ineiease or 
remain constant in a downstream direction CLeopold, 
1962). Tikis would be expected because drainage 
area and, oonsequsntly, diaehaiKe, both inereese 
downstream. 

It is true that local fault scarps can produce a nick- 
point that will retreat through time, but aside from 
other considerations, this explanation for trenching 
would again require simultaneity of tectonic activity 
on a regional scale. It is probable, therefom, that tlM 
main role to be ascribed to tectonism in regard to 
trenching is the change induced in the pattern of pre- 
cipitation and vegetation, both of which vary oro- 
graphically and can affect the processes under discus- 
sion. Magnitudes of uplift cannot be directly equated 
with sedimentation or erosion. The cause of trenching 
will be further pursued by considering the im^eations 
of the tractive-force distribution. 

TRACTIVE-FOBCX ieXFLAKATION 

The sediment tnmsixjrt orthogouals (figs. 112, 113), 
wlitch coincide ^irli fan channels, generally interaBCt 
t^timated tractive-fon e isopleths where they are con- 
vex downfan. Hecause the estimated tractive-force 
values decrease downfan, this means that tractive force 
within the channels is preater tlian at adjacent points 
on the fan surfaces. This was shown to be true for 
Paiute Chute (fig. 114), for example. Because modem 
floods are confined within the channels, the tractive 
force us£;ociat«d with the modem process must be 
greater than that which sooompanied transport in the 
past. Tf this is true, then one or more of the three 
comp<;)neat variables that eonipriiie tractive force must 
be greater today than in the past. 

Of the three component variables, it niipht appear 
that deviation of past and pr&sent slope would be 
simplest to ascertain. If an active channel is traced 
downfan, then a f>oint will eventually l)e reached at 
which the slope of the channel intersects the fan sur- 
faoe; this is a sons of bankfnll depositioa (pi 9). It 
would not, however, be correct to conclude that the 
slope today must be less than in the past, because the 
slope in question is that which obtained before deposi- 
titm in these zones. The deposit is itself an indication 
of change in process. The information de^red is 
whether change in slope altered tractive force and 
therefore initiated the trenching indirectly. In this 
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sense the answer is uuktermitMte but field observetkHM 

suggest tliiit the slopes of the channels do not markedly 
differ from ihoae of fan surfaces, except ia the vicinity 
of zones of bankfnll depositton. 

Tlic (k-|itli (if flow may be frreater today than in the 
past, if the depth of tlie confining channels or trenches 
is accepted as a criterion. This would imply greater 
discharjje and a correspondingly greater Iraotive force 
in the cltannels. The fact that former laketi throughout 
the region are today playas, liowever, suggests that the 
disfliiir^T of iiifideiii AoikIs is proliably less tliaii HchkIs 
of the \mm. The modem floods, in fact, may be misfit 
(Dury, 11)58) in relation to their confining trenches 
in the upi«T reinhes of fans; f\ idcnre of overbank 
flooding iu tlie vicinity of the mountain fronts is gen- 
erally laddn^. Moreover, if an increase in tractive 
fotvf initiate{i trenchiiij.'. tlu-n selection of depth of 
flow as tite responsible variable would be equivaleni 
to attributing both cause and effect to this factor. 

Till' rfmiiinin^' ooinixmfnr. specific weight of the 
medium, can be considered in terms of density. If the 
density of the arenge flow is greater today than in 
• he past, then inu'lflows slumld I)e a more fnxiiicni niry-li 
anism of transport. Observations suggest that this 
may be true. It remains to be proved that sound rea* 
sons exist for postulating tli;u a ronfinsf in ilcnsiry 
characterises the difference between the modem and 
former processes. The traetive-forre hypothesis, how- 
*'\er, ciin l>t' summurized a1 fliis j>oint. 'I'lio imiilii'nt ini\ 
of the maps of estimated tractive force is that the 
modem process is attended by a greater tractive fores 
than that of the past, nniitcr trai tivo force provides 
a logical explanation for the cause of trenching; simply 
Ststed, the explanation is that the riiearing stress on 
fiui surfaces incivasfil at sorni' time in the past. The 
stress was produced during sediment transport, and 
each effective flood deepened the channefs until the 
designation "trench" could tnoi^ fittingly lie applietl; 
Ibis is still true today. Although a combination of 
factors may have brought about the increase in tractive 
force, an increase in the di'iisity of flow, inflnding 
buoyancy effects, is thought to be an important cause. 
The evidenoe for this suggestion will be conndered in 
the following diaeuamMi. 

G0NTBA8T BRWEKN thk MODBSN AND FORMHt 

PROCESSES 

MTTSFLOWB 

Descri|)tiuns of mudflowii, the nuignitudes of the 
partides transported, and descriptions of attendant 

fp;itnrt's Fivh ris Iimmts-. hnvc \wn provided by Kick- 
mcrs (1913), Pack (15)23), 131ackwelder (1928), Sharp 
(mS), Wooley (1946),KeBBeli and Beaty (1959), and 



several others cited in this report. Such information 

is l oinmoii knowledge today, but the important <[ueslion 
is whether mudflows actually cut channels by reason 
of their high density and consequent high tractiTe 
force. Most rejiorts convey (lie itnpi\-s.slon that mud- 
flows ser\'e only to build fans, but some information 
to the contrary does exist in Um literature. This is 
worthy of st ress Itecaii'^ it is germane to any diaeusnoD 
of past and present process^ 
A statement by Wooley <1046, p. 78) is nvealiiig: 

The madflnw of 103K scarre<l the Murface of the fan In a cMHW 
60 to 125 feet wide fnHB tb» apex down the crcat of tbe slope 
Tbe e amrat m all » wuabu of eariJer mudflomi are started kr 
whidmwg or saHdl fMsM eff attsvlui, wbMi naula aleot 
tli(> <Mige oC Am flow as ckaniMl Is est desper. 

And on page 80 of the same report he states: 

Aitliiiui^h cIvKratlution l>v iiuuUIoun 1m ihx nn utuouiinoo na- 
tural i>ro('e«<»i In the de8«rtM and semlarid areaa of tIte wMt, 
there la little InfomadoB avellshio so to tbe ■t"-*'"?'^ vt 

mndfti w mx ral Ion. 

In a recent paper treating erosion of the Wasatch 
Mountain front. Croft <1962) provides nonwrous ex- 

umples and mU'r^h ixTfinont data at(o>;tinfj to the fact 
that mudflows in recent time have caused much channel 
eronon. Two photographs taken from the literature 
and reproduced hew serve to illtifitnite the point. 
Figure 128 shows one of the many trenches produced 
by the eatastraphie flood of June 1957 in the basin 
of the Guil River. France; fipii^ 1'20 shows tlip results 
of 1 of 100 mudtlows that occurred in Grand Teton 
National Park, Wyo., in August 1941. These partic- 
ular exariij)1es were rliosfn l>crniisp iii^irhcr aroa is s«^mi- 
arid. Tliey tiierefore illustrate tlie fact that degrada- 
tion in the upper reaches of the path of flow is a 
charnrroristir fpatnrc of nniiKlows. When they ornir, 
erosion results whether ti»e clunate is humid or arid. 
If these two examples are compared with the view 
of raintcrhiitc f tip. !«s),itcanb68Benthatthelestui«s 
of all three are identical. 

The views suggest that debris is stripped from the 
upper rfar-Iics- of each area and is transported to and 
deposited on the lower slopes. Tliis is precisely tbe 
relationdiip observed on most alluvial fans in the Basin 
and Ttaii'rc province today. Tlie rutilniieiu areas up 
to Uie divides, and the apex regions of the fans, are 
source areas for mudflows; deposition occurs below 
midfan. 

The actual mechanics of mudflows |x>orly under- 
stood, and the hypothesis set forth in (his report, 
namely, that mudflows produce degradatitm primarity 
hy rtMson of their ^'renter trtictive force, is based 
largely upon inference and deduction. As pointed out 
in the American Society of Civil Engineeis, Task Force 
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FlotrxE I3S ■ Vl»w of R chumcl c-ut hv * mudflow In Ih* UuU Huslii, Krimee (aftvr 
Tricart, IK61. ftg_ Tnr nf:km u liurly huii.iil. nt Ihr mulU <i( iiri lflow 
an oontporable wiu> llu leiitura of PaiuU Chuw iQg. 88): tdiUUoo o( wdliiieni 
iMUlywg—iDMwkiw iiii*mtllw>»tt«<anr. 



Committee on Hjrdromeehuties report ( 196S) , however, 

tlieie i iiri !)e no (iiH'shon tliiH tlu' t'tTcct of (lisjH.MNii ins 
of sediiueul is to increase visoosiiy, which iu luni, 
altera the bed fonn becaofle of a nducti<m in fall 
velocity of the bed niaf erlal. The report cites Lb Conte 

( lS9fi) on pa}ie as follows: 

The n-Milts nlmw ctinclnsivel.v th«> fKPWerful liifliienrf <if 
vixxislty ilui- ti> -.-(htui'iit ill )>iiK|K>tist<>ii. A I'liuunol liiie<l uiUi 
<-obblestinies will stand a clear water velocity of (i to H tevt 
per Kcroiul, liui when It l8 followed by a more Tlacouii stream 
lieavUy cbarged with nuiterUl is snipenaloa. altliaiigta at a 
ndiMcd vdodty of only 4 to 6 feet per second, tbe ooMtaatonea 

will be ot onre pi'-kecl lit) Mtiil triitiN]K>rt(Hl with the flOW. 

Although the flows discussed hy Ij6 Conte are not 
the equivalent of modern mudflown, it is suggested 
that density flow;; can erode the floors of cilunnels liy 
the removal of bed material that is too large to be 
transported by clear water. The fsct that there is no 
evidence to the contnu-v, cotipled with the several 
obnnrations previously cited, implies that greater trac- 
tive force is aasodated with the modem process as a 
result of an incTeaae in the avers||» dennty of flow. 



If the onset of tronrhinp was initiiitcd hy dt'iisity 
flows of hi^Mr tractive force, such as the relatively 
infrequent modem mudflows, then the inference to 
l>e drawn from the tractive-force liypothesis is that 
sediment transport was formerly achieved by a mediom 
of lesser density. Oiven flows of leaser density than 
ii nni(lf1f)w l)iit of neccssjirily greater density than rlear 
water, and the absence of the deep coniining channels 
of today, it appeara probable tint the flows of the 
former pro<'ess must have spread Iiiteralh- l>elow the 
mountain front and aggraded the apex regions that 
are being eroded today. It is suggested, therefore, that 
the former process was more nearly akin to sheet floods 
than to the channelized density flows of today. Dis- 
charge was probably greater in the past; but becauss 

of leaser dt'ii-ity and shallow depth of floW, the re* 
sulluut tractive force was less. 

If the iomier flows were of lesser dennty, then the 
water : sedime) if r:i(i<>s must liave been greater. This 
accords with the concept that greater precipitation 
prevailed in the area during several former time 
intervals. From this point of view tlie relative scarcity 
of clay and abundance of silt in nearly all the samples 
studied is worthy of note. 

One miphf ar<riie that the surface samples have l)een 
wiimowed of clays by local runoff, but clearly, the basin 
surface today r e p i ess n ts a time plane. If these sauplei 
have heeii winnowed, then samples obtained from fan 
cross sections should also contain little clay. Bull 
(IMO) has enndned such SBctions in the attempt to 
find criUTia that will aid in di-^tinpruishinp among 
mudilow deposits, water-laid defMsits, and intermediate 
types. Although clay content is probably not a diag^ 
iiosiic feature of deposits in other areas, it is instnic- 
tive to note tliat the main criterion used by Bull to 
distinguish ancient mudflow deposits in Fresno County, 
Calif., is a hifjh clay content. He pives a value of 
al)oiit M) percent for the sjimples studied. The Owens 
Valley mudflow, however, is by no means an atypical 
e.xample of nnidflows of today. The nature of the flow 
can be seen from the photographs of tlie upi>er reach 
(fxfPi. 110, 111) as well as of the lower reach ( figs. 180, 
]'■'<]). Samples from this mudflow contained ±41 and 
4.-2-2 jHTceiit clay; these values pertain to the granule- 
to-clay fraction alone and therefora are maxima for 

the flow. 

Sample locations in the active channel of Paiute 
Chute are shown in figures 188 and 18S. The matrix of 
a recent flow is still present in the channel I iviks nr 
levees; data on clay content are therefore pertinent. 
The percentage of clay, again in the granule to clay 
fraction, is 2.10 at the apex and at midfaa. 
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noru m — View erUw UMruttUi of » madfliiw In tlt» Qnad Tcidni, Wya. (tfur rryitf tod Horbtft, IMI, pL 2; fl«. 1). Nou Uw lUiitlirtljr of Um dratai 
(hat ocoir bar aod tboi* sbown In ftionM n ud IM. TIm laric dtfiodt tn tiw IBncround Is dtrlnd turn prwdiUng ttlua depodU Ihct w«n tnncM 
by Uw mudflow. 



Similar low values were obtained from the mndflow of 
Wrightwood, Calif. (Sharp and Nobles, 1953) j little 
clay was present. 

These data suppest that former transport condi- 
tions may have differed from those of today by reason 
of greater clay content. One might argue that a 
greater clay content in former flows implies still f^reater 
density of flow, but it should be recognized that the 
rate of production of clays is, in good part, a function 
of precipitation. Little clay will be produced if pre- 
cipitation i.s deficient ; from this point of view, if more 
cl«y was associated with the former process, then this 
aupport.s the inference that water : sediment ratios were 
formerly greater. It stiould also be noted that given a 
greater »biuidance of clay in the surface sediments of 
fans, cohesion and resistance to trenching will be 
increased. 

A second factor niggeeting that fluctuation in regime 
may have occurred is the contrast between the organic 

content of mudflows today and that of older deposits. 
Despite the typical dark-brown to deep black color of 
the Owens Valley mudflow (figs. 110, 111, ISO, 181), 



the organic content was quite low. Wdght percentages 
are 1 .89 and 2.80 in the granule to clay fraction for the 
2 samples obtained. Wyman Canyon is choked with 
vegetation and contains a perennial stream. Predicta' 
bly, the thin atypical Wyman mudflow contained a 
much higher percentage (14.05) of organic matter. 
Eardley and (ivosdetsky (1960) reported evidence of 
about six thin mudflow deposits in core samples from 
the Great Salt r..ake. They state that a high humus 
content is present in these old flows but do not give 
percentages; such data are extremely rare. Croft 
(1962) reported the organic content of soils developed 
on old and recent mudflow deposits, but these values 
are not comparable to the content of mudflows. The 
paucity of data permits only the conclusion that the 
organic content of modem flows is not great. This 
results, of coarse, from the fact that vegetation is 
not abundant today. It is probable that both clay 
and vegetation were formerly more abundant, because 
both require the same type of dimat ic regime. Higher 
precipitation i.s not the only characteristic of the former 
regime, however; the frequency of precipitation must 
also be considered. 
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PlODU 110.— V»»w of th«i iovnr nth o( the Onmu V»Uey mudflow dioirtiK eieat- 
wMcr diaseclkm. AUbiHKh the depoait is iindcr(ii4og iHsorctian, It li apparent 
tliat adlntontAtion has occurred acro«9 a wide flat on* at the lower Iwuodary of 
the ha. The iiiiwiXBla ibown (huiIM the mala hl(hvay throofh the valley, 
which \t about 8 mUee below tlie ntountaln haoi ot lint Stem Nevada at tbia 
point. Note the dark coior o( the defxalt. 




Fioinii III. View ot the low*r reach ot the Owena Valley niudllow thowlnc 
flaatbic debrla on the thin deposit. The flow was qult« deoM and vincoiu tn 
this area <approi. 0.23 tiiUe south of the clear -water flow shown In Bg. 130), and 
In addlllcn lo the caiu seen In the (oncround, many cobble-dM portlcka were 
atao roUed and carried acrcoa a wide an*« of kiw slope. 



FREQUENCY OP PRECIPITATION 

In semiarid or arid regions much of the annual pre- 
cipitation today falls in few and infre<juent storms. 
Tlie slopes are largely hai-e of vegetation, little clay 
is present, and resistance to erosion is low. This com- 
bination of conditions favors the occurrence of mud- 




FiQvai ISZ. -View of the ap«i rf«loa of the aetlre channel tn Palule Chate. The 
lolfmiedlate asb of the larxr Inuiiier to Uw rl(ht of center ta 10.4 fcet In lc«cth. 
The divide of the ttiiall catchment area eiiendt aloiivi the ridfe aonunil shown. 
Pin* ladtanMit It rather scarce. 




FiuL'M lai.— view of the Bne malrU In the levee wall tlaOf the active channel of 
I'alute Chute. The occurrence of the ftne matrli surroondtnc the tichtly wmigad 
granitic Iraulders Indicatm that a mudflom- pro4luced the dntiaslt and liiat Palul« 
Chute Is not of rocksllde or sliuUar origin. The sample bag In the center of the 
photograph Is < by « IndM. 



flows. Given a more equitable distribution, as well 
AS an alisolute increase of amiual precipitation, this 
situation will be reversed, and mudflows will become 
less frequent. The precipitation that accompanied the 
mudrtow.s in the Grand Teton.s (Frjxell and Ilorberg, 
194.^) represented a great departuri' from tlie norm 
for that area. Rainfall throughout the .summer of 1&41 
was above average and was higher in each succeeding 
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month ; it was five times the average during the month 
of August, when the flows occurred. During June, 
July, and August no more than 3 successive days passed 
without recorded precipitation. The mudflows in the 
Guil Basin (Tricart, 1961) were also brought on by 
uncommonly high precipitation. Heavy rainfall over 
a period of 48 hours, entirely without precedent in the 
region, produced the flows. It cannot be claimed, there- 
fore, that mudflows can only occur where the frequency 
of precipitation is low, but observations suggest that 
they are much more common in such areas. Variations 
in the frequency of precipitation are known to have 
occurred in seniiarid areas (lipoid, 1951) and, by im- 
plication, in arid areas as well. It is thought that such 
changes in the frequency of precipitation can account 
for the prevalence of a former flow regime that was 
characterized by higher clay content, organic content, 
and water : sediment ratios. 

Although the requirement of greater frequency of 
precipitation is often stated during discussions of 
former processes, it is difficult to prove on the basis 
of field evidence. One can, of course, easily argue in 
the case at hand that if the frequency of precipitation 
remained at its present value in the Great Basin while 
annual precipitation increased, then the only result 
would be more intense cloudbursts and still greater 
degradation by mudflows. It is thought, however, that 
the hanging fan shown in figures 119 and 120 does 
constitute field evidence that a greater frequency of 
precipitation must formerly have prevailed. 

The All in the small tributary canyon to the right 
of the main channel represents the level of aggradation 
that was attained throughout the Antelo|)e Springs 
catchment area and by the fan proper. This is the high 
terrace level. The fill has been truncated by erosion 
within the main channel, and it may best be designated 
a hanging fan. This same phenomenon was observed 
in several small canyons that are tributary to the lower 
reaches of Wyman Canyon and in basins other than 
Deep Springs Valley. The occurrence of these hang- 
ing fans suggests that precipitation and .sediment 
transport no longer occur in every canyon within the 
catchment areas. The infrequent cloudburst-s of today 
may follow preferred tracks, as noted previously, and 
most of the precipitation will occur in the divide areas. 
The mudflows and the resultant trenches occur pri- 
marily in the trunk canyoiLs and in the larger tributary 
canyons that head near divide areas. The precipitation 
pattern that accompanied uniform aggradation in the 
catchment areas must have diff'ered from that which 
pertains today. Precipitation wan certainly widespread 
rather than localized and, hence, was probably more 
frequent in occurrence. 



Tlie relationship discussed above may well be rele- 
vant to the problem poeed by many hanging valleys 
that have been interpreted in terms of tectonism. Up- 
lift of a range may result in more frequent precipita- 
tion in the divide areas and a decreased probability 
of precipitation in certain tributary valleys. A con- 
trast in both discharge and frequency of floods could 
account for greater erosion within the main valleys 
and the bypassing of tributary valleys. For reasons 
cited previously, this explanation for hanging valleys 
would appear much more reasonable than any assumed 
linear relationship between uplift and downcutting. 

PROCESS RATES 

A charcoal pod was found at station 400 in the 
Antelope Springs channel (pi. 9). A general view of 
the channel in this area is shown in flgure 134. Tlie 
pod occurred 6 feet above the channel floor in the right 
l>ank, which is 12 feet high at this point (fig. 136). 
The presence of fire-blackened stones directly above 
the charcoal indicated that the pod was a fire hearth. 
A radiocarbon date of 1,380 + 250 yeJirs B.P. was ob- 
tained for a sample from this hearth. The field rela- 
tionship therefore indicates that 6 feet of deposition 
and 12 feet of erosion have occurred since this date. 




Prointi IM— Vtnr ol the Anldopc gprlnfa ehuunl st rUtloo MO. Tlx Ttew b 
downeluiuiel (ram Che flrMiearth «lt*. Nnc* the (neh chencter of the cobble* 
Co the left o( the meuidrrUi( chauixl, lodlcatisc that looiiera tmuport hie 
utoodeil hr out Into the miey. The ac< n"!** frw> >lx"it 1 to 3 b«t In iMtglit 



Any estimate of the process rates involved will depend 
upon the «.stablishnient of some arbitrary ratio between 
the rate of deposition and the rate of erosion. If it is 
assumed that the rate of erosion is equal to the rate 
of deposition, then 18 feet of either process has oc- 
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curred in the last IJ-iO-ljfiaO years. This yields re- 
spective rates of 0.016 and 0.011 foot per year. If it is 
assumed that the rate of deposition was only half as 
^reat as the rate of erosion, which may be more 
reasonable at this location, then the equivalent of 24 
feet of procrcss has occurred during the same pcrio<l. 
The respective rates in this case would be 0.021 and 
O.015 foot per year. 




PloTru U5.— Vl«w of tb* On-bcwth riu In th* AnMopc S|irtii«ii chmuwl. Th« 
dMimel bmk l< 13 feel high »l thia point, and the bottom of tbe beartti to 8 tH>t 
Mow the top ot th* Iwnk. Not* the Sre-blackcnod fUMi» reetlng dinctly upon 
the chamal pod, thut bidtatinit that It la In bet • life hewth. 



These rates, ranging from almut 1 to 2 feet per hun- 
dred years, should properly be applied only to event.s 
in the vicinity of the siimple. Some estimate of the 
time of the last expansion of Deep Springs I.<ake can 
therefore be made, becnuse tlie linear ridges that indi- 
cate this expansion (Rg. 85) are in this general area. 
If it is assumed that the 6 feet of deposition in this 
area coincided witli the expansion of tlie lake, then 
the linear ridges on the basin surface are 300-600 
years younger than the fire hearth, depending upon the 



rate of deposition chosen. The high stand represented 
by the ridges occurred, therefore, l>etween 700 and 1000 
B.F., if the radiocarl)on date is correct. Ivangbein 
(1061) has estimated the date of the last expansion 
of several lakp,s ba.sed upon the time represented by the 
total dissolved salt content. The value obtained for 
Owens Lake was 1,700 years, and a few other lakes 
expanded still more recently. The estimated date of 
the last expansion of Deep Springs Lake is therefore 
not unreasonable. 

If the relatively minor climatic changes of Recent 
time could bring about the expansion and contraction 
of lakes and trenching to a depth of 12 feet at the 
fire-hearth location discussed above, then the much 
greater changes that niarke<i the Pleistocene Epoch in 
this area may have coincided with the initiation of 
trenching in catchment and upper fan are^. It is 
worthy of note that an erosion rate of about 3 feet 
per hundred years would suffice to produce even the 
deepest trenches that occur in the region. 

To obtain some future data on process rates in Deep 
Springs Valley, chains were installed in the channel 
bed at live locations in the Antelope Springs channel 
(pi. 9). At each section, particles in the channel were 
painted in order that some information on sediment 
transport might also be obtained in the course of the 
monitoring program. At sections A-A', B-B\ and 
C-C', entire gravel bars were painted; the first men- 
tioned is shown in figure 136. Section C-C is in the 
vicinity of the fire hearth. At sections D-D' and E-E' 
no gravel bars were present, and particles that occurred 
on the channel floor were alined perpendicular to the 




■ a 

PratiM IM.— Vl»ir of tbe pdnted pmTei bw at maSca A-A' In tbe AntetofM 
Sprlnct channeL Tbe bar b about 70 feet Umi and coniiiu mainlr of pvtldee 
aa laife aa cobhiee: few latfer portlcke occur. 
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(lirootion of flow. T!ie iiiforination jjuiiicd from tliis 
pTOgram over a period of ^aafh will not only pro\iik' 
diita on modern process ra(es, but it should also serve to 
roiiCirrn (he coiifpntion ttmt fmu-liinfi is the doniiuftiit 
long-tenii puKess iii I he upj»er fan it-aches today. 

FORMATION OF THE ALLUVIAL FANS 

The ioraiatioii of altuvial faiis has been discussed 
evOT sines thtte strikinit Bedimentitry deposits ivere first 

noted (luring' the e:irly westfin fxploratory surveys. 
The opinions expressed to explain the formation of 
fsas may be conveniently grouped into three i^neral 
categories, namely (1) evolutionary, (2) pqullihriuni, 
aud (3) climatic iiypothese& Although tlie writer fn- 
vors tliie elimetie hypothesiflf esdi holds some measure 
of truth, and Vm:-*';!^^ flif truth often (Krupies niiiklle 
ground in such problems, each hypothesis is treated 
here. 

VBM mwiamamMMT sziothmv 

The concept that all l;inflfnrin« result from a ppo- 
graphic cycle that proceeds tlirougii lije succtiasive 
stafies ot youth, matority, and old age is today com- 
monly termed "Dnviflirm pliilosopliy." The specific 
choice of antliropomorphic stage names was probably 
influenoed by the publication of the doct rine of evolu- 
tion in the l!Hh centuiy; the concept can therefore be 
appropriately designated an evolutionary hypothesis. 
Davis (1905) applied this concept to alluvial fans by 
emphasizing the importance of stage and therein- deni- 
grating process. He suggesl«d that alluviul fans 
would form in basins adjaoent to uplifted mountain 
nitipps in desert ii'^irms. The stji^ifp nf youth was 
thougiit to be uidicated by V-sii»p*xl mnyons in the 
mountains and by nail but rapidly growing' fans. As 
the rtionntnin«! wore down, Drvvis reasonexl, tlie fans 
would cont inue to enlarge, and thus would lill iJie basin 
with sediment, and in tlie fuial stage — old age — the 
niountnin renuiants would be buried beneath a con- 
tinuous cover of alluvium. 

The inevitable reaction to one of the several faUingB 
of the concept of cycles, namely to treat processes and 
thereby gain some insight into the mode of formation 
of any given landform, set in with the advent of quanti- 
tative geomorphology. Tlip mwlern view of the geo- 
graphic cycle has, to a large degree, l)een summarized 
by Chorley (190S), who equates Davisian philosophy 
to rloscd-sTstem thinking or (he single-cnus* school of 
thought. Davis was quite correct in two imjJortAiit 
particulars, however. 

First, despite the writer's disenchantment with tec- 
tonic explaimlious for magnitudes of sedimentation 
it lid erosion, as previously explained, it cannot be de- 
nied that slope and discharge are both intimately 



related to the production of sediment. An infinite dis- 
charge over a zero slope will have little more effect 
than zero discharge down a vertical rock wall. From 
this point of view, there can be no question that some 
uplift must first occur to provide the requisite differ- 
ential relief for the formation of an alluvial fan at 
some initial time i,. 

Second, unless an infinite duration of uplift is postu- 
lated, then a given basin must completely fill wiUk Sedi- 
ment at some finite time //. It is therefore reasonable 
to assume iltal at time t/ some mountain reiunaiits will 
indeed be buried beneath an alluvial cover. The extent 
of this cover will depend upon coineidenre, or its aT- 
sence, of time /; in each of many basins. Tlie i)eiiei)l;ua 
conceived by Davis (1889) will probably not resuli, 
but it is undeniable that old age, as Davis defined it, 
mu.st ultimately be attained by any given basin. 

The evolutionary hypothesis, admittedly baaed upon 
dedn^tion, provides a reasonftble desi'rij)tion of alluvial 
fans in their formative luul ultimate stages of develop- 
ment or morphologv. T.iirgety omitted, however, is 

consideriition of tlie lime U-'twccn f„ and tfVSA of tlie 
processes involved in fan formation. 

TBZ BtttnUBBIUM BTVomni 

Tlie eqiiilihrinm hypothesis relates the morphology 
of a laudform, or ]>avi8ian .stage, with the processes 
acting upon it in terms of dynamic systems in which 
mass and energy are con.sidered as fimctlons of time. 
The two general systems defined by Von lieitalanffy 
(IMO) ate closed system-s, in which materials and 
cnerprv cannot be exchanged beyond the confines of a 
well-defined boundary, and open systems, in which 
materials, energy, or both can be exchanged with out- 
side environments. As pointed out by Strahler ( 1052), 
most landfonns represent open dynamic systems that 
tend toward e<iuilibrium or a steady state. This view 
is widely accepted t'Hlay (Leopold and Langbeio, 
1962; Chorley, iyt>2). 

Although the equilibrium hypothesis is bancally 
valid. rert!iin difficulties of Ivoth applirntinn and in- 
terpretation arise when considering alluvial fans. An 
assumption most be made that a balance exists between 
erosion of the monnfnins and deposition in an adjaf^nt 
basin. This is obviously reasonable, but if alluvial fans 
are in dynamic equilibrium, tben a aseond, more pftrti«< 
ular assumption ninf^ he made, namely that the rates 
of sedimentation and erosion on a given f»ii are equaL 
UnksB these i-ates are equal, then a fan will either 
grow or diminish in si7.e as a function of the difference 
between tlie two rates. Denny (1S65) contends that 
these rates are equal, or nearly so, and that alluvial 
fans are themfove in dynamic equilibrium with the 



^ i^ .o I y Google 



CLjUmC mMMBMTAtttlN Of VOf VWNOS VALUT, CiMnHmk 



183 



piooeBes act big upon tbeoL Aside from eonvbtioM 

between planinietric measurements of source Tirenn «nd 
their respective fans, whicli tin? boiiiewhai suspect for 
reasons cited above (p. 133), little evidence exists to 
substantiate this contention. Rates of scdiinentulion 
and erosion on alluvial fans are not kuuwn. The 
amount of local runoff required to remove sediment 
from fans in order to balance the sediment added is 
ulso not known. I^al nmoff, however, can only be 
produced by either flows from the mountains or pre- 
cipitation in the valley proper. It is not obvious that 
either of these ssources will suffice to achieve the re- 
quired balanoe; monntain floods must overcome seepage 
into the permeable alluvium, and local precipitation 
is not ffreat. Because of orographic effects, the pre- 
cipitation (^11 most basin floors, and presumably on the 
fans as well, is very low, ranging frran less than 2 
inches per year in Death Valley to about 5 inches per 
year in basins at higher elevations. Honover, the feet 
that highly erodible sediments, which repr n aant former 
lake levels, have existed for thousands of years on the 
lower reaches of many fmis ilo's i\nt Stippoit tiw view 

that a balanoe has been achieved or dynamic equilib- 
rium attained. 

The primarj' problem involved in the application of 
the equilibrium hypothesis, therefore, is to demonstrate 
eonelnnvely that dynamic equilibrium has indeed been 
attained, rather than to merely a.'^sume tluit this is true. 
Even if one grants that alluvial fans have attained a 
steady state, however, a second problem will arise, 
namely the proper interpretation of this information. 

Possible misinterpretation can be illustrated by eon- 
ndeiation of tiie formation of pi ay as. If thnr wide- 
spread occurrence, time contemporaneity, and the ex- 
istence of strand lines at higher elevations are ignored, 
then it may be erroneously conchtdbd that dimatic 
<hiiiif:f or other rycllc pheiioiiuMui are not pertinent 
aud tiial the interrelaLionsliip of their morphology 
with pressnt processes is sufficient for an understanding 
of their formation. 

Morphology and processes may be clearly interre- 
lated, but the denmnstiation of dynanue equilibrium 
at any instant in time, even if conclusively proven, 
does not preclude the possibility that changes in both 
the intensities and types of processes may have oc- 
curred through time. Moreover, unlike water bodies, 
mnny landforms adjust fo sm li chiui^s very slowly, 
and although tliey tend toward equilibrium with mod- 
em proe c B B S B , they may in fact be Hr removed from 

:i steady stale today. Leopohl iitid Langbein (IftfiS) 
State that it is improbable that time periods as long 
as geologic epochs oould elapse hefore the atUunment 
of equilibrium by fluvial pro cc s B i afl is adjustable chan- 



nels. Althongfa (he absolute duration of an epocJi de- 
pends upon the geologic period considered, their 
meaning is clarified by a declaration of agreement with 
thu k (IMO), who thought that no important time 
jxriod is necessary. These statements do not, however, 
refute tlie fact that Pleistocene relicts that are thou- 
sands of years old exist today in all parts of tbB world. 
Hanging valleys, rnised ljeK<hey, river terraces, dry 
waterfalls, the strand lines cited piiiviousl y, and many 
other featuna attest to a lack of equilibrium with 
modern processes; in the absence of proof to the 
contrary, it is not unreasonable to suppose that some 
trenches in alluvial fans may be akin to the misfit river 
channels diiKUSsed by Dury ( 1958) . Why, then, in tJie 
absence of any substantial proof should alluvial fans 
be thought to have attained dynamic equilibrium? 

The concept of dynamic equilibrium of landforms 
represents a major advance beyond the application of 
Davifiian principles. As previously stated, however, 
this does not mean that certain tniths should be ignored 
merely because they are founded upon deduction. The 
equilibrium hypothesis requires blending with ca.ution, 
lest a new generation of workers ssek everywhere to 
demonstrate equilibrium as thoss befbie thraa sought 
cycles and {leneplains. Dynamic equilibrium for any 
given landfonn must he oanolusively proved, rather 
than simply claimed because the oonoept is in vogue, 
and if demonstrated to exists then equilibrium condi- 
tions should not be cited as proof ttiat the modem 
pre ee— are necessarily identical with thoM <rf the 
past. 

THX CU3CATIC HTPOTHB8IS 

The evidence suggesting that present climatic oondi- 
t ions are not identical with those of the past is legion. 

In response to changes in temperature, pret?ipitation, 
evaporation rates, and the location of cyclonic storm 
tracks, changes in the regimen of rivers and lakes and 
ill the distribution of plants and animal.s occurred. 
Jamiesou (1863) recognized more than a century ago 
that climatic change regulated the expansion and con- 
traction of saline lakes in arid region.s. In the Great 
Basin, the existing lakes are largely confined to the 
arte north of the 89th parallel. Hubbs and Miller 
I liave su^rj^ested that this comparatively wet 

region is representative of the former pluvial condi- 
ticflui that prevailed in thooe parts of the province that 
are driest today. Studies of pluvial lakes in New 
Mexico, such as Lake Estancia (Leopold, 1951), for 
example, indicate that this is true. 

The occurrence of alternating climatic episodes, 
based upon various kinds of evidence, lias been sug- 
gested by Bryan (1941), Judson (1953), and Miller 
and Wendorf (1968) in New Mexieik, by Btk (IMS) 
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in Arizona, by Richmond (1962) in Utah, by Hunt 
(Idfrl) in Dei^ YaUeiy, and by luany others. Morri- 
son (1961) 18 one of several w o rktn that has sugf^estcd 
tliat climatic changes have been virtually syTi<-hronous 
througfaoiit the Qreat Buin. Moat of the reports cited 
tieat diauitie flnctuttion widim Beoent tune. Al- 
though less drastic than the Pleistocene fluctuations, 
changes during Beoent time havt been sufficient to pro- 
duce reoognixable imprints npon the sedimentary rec- 
ord, and four or five distinct climatic episodes are 
thought to have occurred within this time interval. 

Data en the age of the annvul fun in the Basin 
and Range province are generally unavailable. Al- 
though all the fans are not neoessarily of equal age, 
it s e ems most probable that cfimatie changes have 
oi'curred during their formation. I^ecause climatic 
change induces changes in the regimen of "rt-TWffW and 
alters tlw abondanoe of vegetation and edaphie eharac- 
teristirs, (he climatic hypothesi.s mjuires that features 
thought to attest to such changes be widespread and 
eominon to meet fans in the region. The featnres and 

rliarartcristics of the fan eiiviroiinicnt tluit are t]iou<rlit 
to be indicative of climatic cliang« have been previ- 
ondy disBQSsed m this report. They inclnde the fol- 
lowing : 

1. The loci of deposition on alluvial fans have shifted 
from areas well within catdunsiitt hasios to tbs mid- 
dles nr lower reaches of the fans, far hahnr the 
mountain front 

2. Trenches in the apes isgioiis of tihe fsns are misfit 
relative to present flow conditions l»y reason of their 
exoesfflve d^h, which is as much as 200 feet. 

S. Paired terraces that an oontinwras with fta. sur- 
faces otTur within ratchmont ansS and in SMoe 
places extend to the divide. 

4. Abandoned dnnnels occur on fan snrfsees at higher 
elpvations than the floors of the active rli;sr.iif'I 

5. The fan surfaces and the abandoned channels exlubit 
wsathoriqg stain and (or) dssert vamiah, whsi«as in 
the active duumsb and on modem dsporita thsse are 
abeent. 

0. Hanging fans oocar in tributary canyons within the 

catclimeiit areas, and their surfaces are continuous 
with terraces and fan surfaces below the mountain 
front. 

7. The estimated tractive force is greater witlun tlie 
active channels than on tlie fun surfaces. 

8. The percentages of clay and organic material in both 
sarfaos sediments and modem mudflows are ex- 
tremely low. 

The formation of tlie type of alluvial fan discussed 
in this report sooording to the diroatic hypothesis is 
sihown on figure iSt, Ths observations and data that 



have been presented suggest the occorreiMS Of tbs fol- 
lowing events dvring one climatic cycle. 

During a period <rf fan building (fig. 137^ ) aggrada- 
tion occurred within catchment areas and <m fan mr- 
faces at oontinuoua lawala. Precipitation was both more 
abundant and mors frsqnsnt than it is today. In re- 
sponse to til is climatic regime, the abundance of both 
clay and vegetation was greater, and ths fan surfaces 
were more ridstant to erosion. Ahhoagh discharge 
was greater, water : sediment ratios were higher, and 
the medium of transport had a kassr traotiva force. 
Frequent floods spilled over numsrous shalhnr dian- 
nels onto the fan surfaces, spreading laterally below 
the mountain front. Sodiment was dsposttod over 
wide areas of the Cuts as a eonssqasnos of titass oon<E- 
tions. 

Climatic change, manifested by a change from wide- 
spread to local or concentrated precipitation and by 

a les^ier fre<)ueiicv of i)recipitation, produced ii reduc- 
tion of vegetation and a decrease in the abund&aoe of 
clay. Catchment slopes and surface deposits beeams 
nioiv easily emdilile, ihiis contributing toward a reduc- 
tion in water: sediment ratios and a greater frequency 
of mudflows. These flows of grestsr density, and eor- 
respond ingly gi-eater tnictive force, deepened the truii'K 
channels in catchment areas and trenched the upper 
readM of the fans ( fig. 137^ ) , TBrraosB and hanging 
fans in the catchment arsas wan prodnoed by these 
procffflses, and tlie .sediment remowd wan deposited 
farther downfan, far below the mountain front. 
The tranehing of Isns doss not signal tiisir dsniss 

within a geographic cycle, as suggested by F-kis 
( 1928 ) . During an episode of trenching, in reepoiuK to 
the dimatie oon^tions ontlinsd above, tiis sluft in ths 
loci of deposition results in the addition of material 
at the lower limits of the fans. During any part of a 
climatic cycle, the fans are therefore constantly grow- 
ing; they grow upward during intervals of gBBSnl 
aggradation within the catchment areas and below the 
mountain front, and are built outward into the basin 
during pertods of trenching in the nppsr rsadm 

Tlie sediment added at the lower margins of the fans 
may be redistributed and obscured by a subsequent rise 
in IskiB level within a given baain. This win produce 
an alternating alluvial fuu-laeustrine faciei snd\ as 
those commonly rejw)rted from core .studies. At thi.= 
Lime the conditions postulated in tigure 1'61A will again 
occur; the trendies will fiU with aedimsnt, and dspoei- 
tion on fnn s\irf!ice5! will agnin build them upward, 
provided that the magnitude of the climatic shift is 
sufficient to aooomplish Uiis lesalt baifow o o mdi ti sa s 
ehanga once agsin. 
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VkBOi i:i7 -IXiuTuDi xhovthiK the formation of Rlhirlal fan* dorinc "'<>' cvrl>^, nrvondloc to tb» cli- 
matic tij-iMitbriilii. A. DnrlDB Dorv bumtd or pliirl«l pcrioda •cc^'l'tlaB i>cctir)i wltbla tit* otcb- 
MMt aim ud feitow Um mautaia inat at eootliiwHU larda. Ikctutat lao«s wUk kiih wMr: 
ndlMNt i»tlM upW a««r the ilmllov bnldad dMUMla btlmr tte aiMBtmlii fhmt Md dWMit 

imiirarat orrr wIdR arran, building Uin fUM gpward. S. Owtaf • iiaba«iqu«iit drier climatic perfad 
tKDrblnc occnr» alone main rbaDO^ within tbe catekamit Wim and on tbe upper reacfen of tlie 

fpn Mn(iftMW>i iinri othrr lnfrrf}i.t'rit ili'ii^ir> ffnwn fntnti^rt the Hi-diitKTit thrj- rriKjp to tlif 
lowrr r^'iir ri"?* if tl;> fail, bulldttiK it ciifAiinl Into riillc.v 111. Tlir ti-rrarfu within Uti* 

catcbOK'iil nr*>* fti»il thp atMimlnnc*! vhanrifi,^ mi rh.- tnn ^inrinvr t»rr pri.Uiicfil ah a futiHe^iuenL^? i-f 
tbl« changT In pniniw, Thi> mnall tribolary . jmivh. i J > ri-. i-lv.i llrrli- ot (tie liif r>'ijiiciit ari<l 
hxallaed predpltatlttB. J<««iuae of trcuclilDi; In tbv nam riumoel, tbr prcrloualjr drpoaltvd aedl- 
mmt !■ taCt H m kuilM fka at Ite Iml «< tha hUpb HRace aa ahmn. 
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Both the DaTisian and equilibrimn theories tlieie- 
fore contain elements of truth. An understanding of 
the formation of alluvial fans, however, requires recog- 
nition of changM of prooessea through time that are 

accompanied by ronpcqnent cluiii^es in fan morphology. 
Because the must likul^' eau»e uf such changes is cli- 
matio fluctuation, known to have occurred throughout 
the region, the .-liinatic hypothesis is thou^lif to pro- 
vide the most rcasonalile explanation of the formation 
of fans. It should nnt be conetuded that the equilib- 
rium and climatir liypothcsps nr«» mtitnnlly oxrlusive 
from the foregoing treatment. As summarized so well 
by Braithwaite (IMS, p. 

Thf wiirlrl Is not niad"- ii|> <if finpi rical fHi't-< with the aildl- 
lUiii uf I til' Iuw« <if mituri': -what we call the kan s of nntiire htp 
I ■luiviituiil (It'viii's by wbirh we organize oar (■nipirl<-al know 1- 
edi:r nnil predict the future. From this point of view any 
general hyiMithexis wbofie c-onE)e4|uence« are confirmed by ex- 
perifnoe ia ■ valuabte iDteUectoal ttevlcc; aod tfae pmiAtable 
uw of MMli a Itypetlwtla doe* net imtupvcMe tbat It will not 
lit amne flitUR tSme be Mibsnmed onder Mnne iMiv (eoeral 
liyiMitlipHtR tn s more widely applicable dedtiettTe ayaten, nor 
timt till- fiicts that it explainK will not Nome time be explicable 
by a quite ditferent bypotbesls In another deductive tyat^m. 
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Tabu l. — Slope and maximum partuit-tiu meatuMMmit 
Deep Springn ValUy, Calif. — CoDtinued 
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TaBIiB !• — Slopr and mon'mum jMirfiefe^tM nir<uuj 
Deep Sprinif Valley, Odif. — Continued 
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BERYL RESOUBjCfiS OF M£W HAMPSHIRE 



By Jakbs J. Paob ud Datid M. TMBBAiiini 



ABSTRACT 

Id the course of thl* stuJi. more thau 200 iwcmaitto* were 
examlued either in recounaiasance faubiou or in detnll, aud 
tlie tnoflt important actual or iMtential monrces of beryl were 
carefully studied. Tbe«e iDclude<l the falermo No. 1, Beryl 
Honnuin, BlAki^ ChlekeriiiK, Sadth No. 1, Conoa, McG«U, 
dumdlMv IfPbtiA ClHuidltr« Wrtrtii uMl FmIbip tfowcstai 
■dDM, and tte YatelHir, Smtar, and Smltb Na B prMpeeta. 

The pcgmatitM of Om Saymond district racfllTed qwelal at- 
teotion, for tbese prerlously bare receired little ntudy and tbere 
was a need for knowledge of any beryl reflonrres present Tbene 
rcwmirces arc of no (treat mncnltuile. but rwniin ox nf lullllng- 
grade feldi9|>ar are of interest. Tlie i'alermo No. 1 and iJ«ryl 
Mountain pegmatites were re^ttidied following development 
after World War II ; thoM peKuwUtea ara of apccial latemt as 
boCh h^n baan knowii fin nuy jaan aa IninitBiit aonrcaa at 

The rdatton of beryl t» other mtneialii of the aonea, tbe BeO 
contt-iit of tlio boril, wlicrt- dctfriiiliK-tT. and ihf Rrnde of the 
ore art' ludicutcd in Ihe ri'purt and ill tables 1 to 3, Some of 
these data wt^re obtained by the U.S. Geological Surrey during 
Wnrld War II, but mncb naw and more detailed Information 
tiiiN resulted from this atndy; 

The total «atlin«ied tcaaiwcM of tmji in New Hampahtra an 
1.TW tMUt «t wbJdi about toaa «• sivtaibly ia cryatala 
•t laaat 1 taeb IB dliMtar, aid tbanfm baafreobbaUa at 1907 
prices. Most of this benri la an scattered tbroacbotit tbe pec- 

matiten that It reiircseiits less than 0 10 jierceiit of tbe con- 
taining rock, and it Is rwoverahle only as a li.viirodnct from 
feldsjmr and mica iiilnln); aetlvltle.'). LarRc deiHiMith containing 
tine-grained, nearly ittdistiiigalabable white beryl are unknown 
in the State, but there has been Uttte If any attempt to search 
for tbflm. Id 1067. aar such r aaoarBia would be 
I oia." bat ceaid beef treat algnlBmf In i 
r audi aifb and rcaomb en beaaBdatiaa Btctbada, are 

DmOiDIIGTKni 

Btryl ooeun aparinf^ly in many pegjnuttites acattered 

throughout tlie southeni two-thirds of New Hamp- 
shire. The deposits of most economic importance are 
in th* Gnfton and Keene distfiotB 1) in the wMt- 
Offlitral and southwestern parts of the State, respec- 
tiTely. The Baymond district (figs. 1 and 3) in the 
wmtlMUtsm pait of tlw State may be tite third most 
important, although it hns yielded little beryl to 15)57. 

Although the p^matites occur in scliists, gneisses, 
quartz monaomtaa, and gramtoa^ moat of iha eooDoiiiie- 
allj impoitant paigmatitoB aia in achiatof iha Litlkton 
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formation of Devonian age. This formation consists 
ehiafly of ndea^uttrts or qmntc-mica aehiat, in plaoM 

containing appn^oiable amounts of sillimanito, actino- 
Ute, or andalusite. iSome parts are quartzitic, conglom- 
erafeio, or indoda UnM-«]ieate todta. Bdationa €< the 
pegmatites to wallrocks and to major structures have 
been described by Cameron (Cameron and others^ 1954, 

Tlie pegmatite deposits of New TTampshire have been 
investigated by members of the U.S. Geological Survey 
intannittantly ainoa 1914. A compreliaiuivia amount of 
the deteilad muck oomplatad during lM&-4$ i« givan 
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OuMMM and odttrs (ldo4), and their report also con- 
tains a summary of studies before World War IL 
Field studies in 1947 led to a report by Olson (1950) on 
the feldspar in the peginatite& This phase of the in- 
vestigations was conducted in behalf of the New Hamp- 
shire Statd Planning and Development Commianon. 

The purpose of this report is to summarize and bring 
up to date the information on beryl paincil in the peg- 
matite investigations of 1942-46, to examine in detail 
CHCtein beryl-bearing pegmatites disooTind in recent 
years, and to study other pegmatites known or suspected 
to contain beryl. Fieldwork was started by J. C. Olson 
and J. W. Adams in 1^47, and was continued by J. J. 
Page in 1948-50. Thia work was done on behalf of 
the Divi.sion of Raw Materials of the U.S. Atomic 
Energy Commission and in cooperation with the New 
Hampahira State PUnning and Development Conunls- 
rion. FieM asostance in IMS and 1^9 was provided 
by L. F. Delwig, and in lM9by P. K. Brown, Jr., and 
for 1 week by Frederick Stngard, Jr. L. R. Page and 
D. M. lATTMee briefly restudied the Beryl Mountain 
mine in 1955. Mapping was done by planetable and 
tcJesct^io alidadei except where otherwise stated. Tlie 
dMoripHone of indiTidnal pegmatite deporats (except 
tlie Benl Mountain pegmatites) and tables 2 and 8 
were prepared in draft form b; J. J. Page. Larrabee 
Tensed than draft and tables, wnite the rest of the re- 
port, and coniploted preparation of the maps and 
tables. The writers are indebted to mine owners and 
operators for their cooperation and Co moaberB of the 
U.S. Geological Snrvf v who furnished active fidd ■S' 
siatance and other valuable service. 

The two most important beryl-bearing pegmatites 
are the Palermo No. 1, in Groton, and Heryl Mountain^ 
in Acworth, both of which were mined extensively 
after World War IT. The small area southwest of 
Raymond villutre, ivforrod to as the Raymoml di.'^trict, 
contains 87 pegmatites that were fitudiod in detail. 
Other pegmatites that have been mined or prospected 
and mapped in dt-tail arc: the Corson mine, Notting- 
ham; the Chickering mine, Walpole; the Millard 
Chandler mine, Chatham; the Parker Mountain mine, 
StnifTnrd: and the Vatrher prospect, Raymond. Re- 
connaissance studies were made elsewhere in the State, 
notably in the Tieinity of Raymond outside the Ray- 
mond distri'"?, in .^trafTord. in tlip general vicinity of 
Gorbam and the Presidential Range of the White 
Mountains, and east of the productive Grafton distriet 

BERTL MINING, PRODUCTION. AND USES 

Only rarely in New Hampshire has it been econom- 
icaUy feasible to mim » pegmatite vnt «& extended 
period solely for om minenl, and tiiit probably win 



be so in the future. The economiaB of peprinatite 
mining have been described by Bannerman ( 1943) , and 
Bannerman and Cameron (1946). Duiing World 
War II, \inder subsidy prices for gtratepic mica and 
beiyl, some deposits were operated profitably for micat 
but not for long periods. Mines were operated for 
mica and for beryl during the Korean emergency, again 
under Govemment-aponaored subsidy programs tiiat 
were oon^oed in 1067. 

According to data in the Minerals Yearbooks of the 
U.S. Bureau of Mines, beryl production in New 
Hampshire since 1989 was as follows: 
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Beryl has an ideal composition of Bei* Al« Si« Ow. 
This formula indieates a ctmteat of 14.0 percent BeO 
or 5 percent Be (Fletseher and Cameron, 1946) . Cmn- 
mercial betyl concentrates have a lower BeO content 
partly because other elemente substitute tor Be in the 
mineral struetore and also because the concentrates 
contain other minerals. These minerals may be small 
inclusions or alteration products in the betyl. More 
commonly, however, the contaminants are nunerals 
from tlie matrix surroundinp t!ie Ix'iyl, chiefly quartz, 
feldspar, and mica. Many heryl crystals are euhedralf 
and whue sumranded by quarts they break dean on 
crystal faces; thus a clean product cau be produced by 
lumd-cobbing. Other beiyl crystals are intergrown 
with Hie minerals of the matrix, especially feldspar, and 
tlie < oW>ed coneenfrate is thcn'fore Impure. 

Mining has been by small-scale metliods, mostly in 
open pits from whicb the beryl was concentrated by 

hand-cobbing. Recently some beryl luus been sold to 
the General Services Administration and some to 
piirate oompenies. In 1957 the Qovernment paid a 
flat rate of $0.20 per pound or $4f>0 per ton for \>ery\ 
accepted on visual inspection. The price of analyzed 
beryl is based on the content of BeO. Betyl eentaining 
8.0 tr, 0 9 percent BeO is bou;?li( at $40 per unit, P.O to 
9.9 percent BeO at $45 per unit, 10.0 to 11.9 percent 
BeO at $60 per imit, and IS percent or more at $56 per 
unit. As an example, beryl having 12 percent BeO 
is worth $660 per ton. For comparison, in the late 
1990^ Slid eaxly UM^ beiyl aiM lor $B$ per ton. 
Beiyl is the only known ecanomie aoanoanf beiyllimn} 
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wliidi liM h&an mad primarily in bwyltiiun-«opper 

alloys for special types of spt iiifp iiiul biisliinps; it has 
many other naes. New applications of beryllium of 
great importaaoa are in On atonie-eneigy field aa a 

moderator and reflector of nenti r~ The usps and 
technology of beryllium have b^i Uiscussed by Iteno 
(1956) in "Mineral Facte and Flroblema," publidiad bjr 
the U.S. Bureau of Mires. A more complete com- 
pendium on beryllium is contained in "Materials Sur- 
vey, Beryllium," compiled by the U.S. Bureau of Minos 
nft53) with the cooperation of the U.S. Geological 
Survey in behalf of the National Security Keaources 
Boud. 

OmBNAL SntUCTURE AND MINSKALOGT OF 

PEGMATITES 

Hie internal structure and mineralogy of granitic 
papnadtea have been deaeribed many times in reoent 

years (Bannennan, 1&43; Cameron and others, 1049, 
i9M; Jahns, 1955; Page and others, 1953), and the 
detalla an oatlined only bneifly liwe. 

Pegm;*.' iti-s th ' f "an mined economically ordinarily 
show some degree of systematic arrangement of the ooo- 
■titnent nunerab into two lithokigio tmita or 

zones, anil the mineral to be extracted is nion-' ^-hundant 
in some units than in others. Boundaries between units 
tarn narked hy cbangea in mineralogy, proportions of 
minerals, or texture. Tn many pegmatites theise bound- 
aries are gradational, in others they are sharp and easily 
diatiaguidiad. Tlia namat of tiie mrita are formed I7 
liyphenating the names of the chief mineral constitn- 
anta, the names of the minerals appearing in order of 
•bnndaaca. 

Zones are defined ns continuous or discontinuous 
shells or units that in many pegmatites have the same 
flhapa aa the entire body, ^mee are claanfied aa fal> 
lows, in order from the outside ; border aone^ wall xone, 
intermediate xones, and core. 

Border aenea are commonly leaa than 6 incliea thidk, 
and are made itp fhiefly of quart?:, miiscovit<», and pla- 
giodase. Wall zones are much thicker; they also con- 
aiat of ijoartz, muscovite, and plag^oclaae^ but aome 
rontnin pert hitc. Intermediate zones have more perth- 
ite and less plagioclase than outer units. The cores 
are commonly qnarta and pertiiite, or quartz alone. 

Fracture fillings are commonly tabular bodies that 
fill fractures in previously consolidated pegmatite. 
Replaeanent bodies are formed along bonndariea be- 
tween p^pmfitito nv.itv, along fractures, at the contact 
of peji^Tnatite and wallixxik, or along other structural 
features witJun the pegmatite. Many rsplaeamant 

bodies are controlled by fractures. 

In a general way, grain sizes referred to in the text 
may badaacrtbadaa fbllowB ; 
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METHODS USED IN ESTIM.\TING RESOURCES 

To e l i m i n a te the confusion arising from the common 
use of the terms '" r eaerfe a" and ^Monroea* inter- 
changeably in past work, the definitions of Blondnl and 
Lasky (1956) are used in this report Beaerves refer 
to minBrala eacploitable mider prooent eoonomio and 
technologic c > 1 I'r'nns; potential orvs are those await- 
ing more favorable conditions; resources are the sum of 
the reserves and potential ores. 

The perc«>ntape of Ixryl in a pepTnatite may bo deter- 
mined by several methods: (a) by measuring the area 
of all hvrfl erystala on repreaantativiB eacpoaotea of «aeh 
unit: (h) measuring the length of crystals along equally 
spaced traverses, as in the Bosiwal petrographio 
method; (0) meamrament of cvyatab intenected in 
core drilling; or (d) by analyses oif representative sam- 
ples of tlie beryl-bearing pegmatite. Visual estimates, 
although used at timea, are mudi kea aeenttta and eonk- 
monly misleading. Tlie tendency ia to grcatily vnt 
estimate the amount of beryl present. 

The volume of the beryl-bearing unit is determined 
by projection along strike, dip, and plunge. Where 
more than one structural interpretation of the beiyl- 
bearing unit can ba made on tiie baaia of available data, 
it is necpspary to acquire more information by field 
exploration. The determination of grade and reserrea 
of pegmalita mineiala ia treated by Norton and Page 
(nr>n). 

The IkO content of the h«ryl is deteriiaui »; by meas- 
uring the omega index of refraction of the crystal, as 
this index varies with the BcO content. This method 
was developed by W. T. Schaller and li. E. Stevens 
(Norton and othara, IMS) , 

nSVL KBM>11BCEB 

The resources of beryl in known pegmatites of New 
Hampshire may be 1,634 tons in tlie indicated and in- 
ferred category. In the Raymond diatriot an addi- 
tional IW fon.s of potential ore may be pr<?,'5ent, making 
a total of 1,7S0 tons. Of this quantity about 1,200 t^ns 
aro in crystals at least 1 inch in diameter and therefore 
recoverable by hand-cobbing, ^fost of the beryl in 
New Hainpsliire is so scattered throughout any given 
sone or zones in a pegmatite that it can be recovered 
only as a byproduct from mining for other minerals, 
such as feldspar or mica. The beryl content of the 
diffennt zones ranges from a trace to an average of 
9.6 percent in one pegmatite, but in most it is less 
than 0.10 percent. Only a very minute part of the 
baryl listed in taUs I ia anitaUa for gama. 
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Some peigmalites maj eontain additional iKtrjI that 
has not hwn recognized in the field because it is ex- 
tremely tine grained and white. During World War 
II, audi beryl was not looked for, genttftUy, as it was 

not rppovrral)lp. Sudi beryl can bo recovered only by 
milling, and suitable niothods have not yet beeii devel- 
oped. Although the estimated tonnage of hand-cobb- 
„i,ip bervl in New Hampshire is small there are few 
areas m tiie TTnited Stales tluvi couwiu more. If a 
domcetie 8up])l V of beryllium is urgently needed, more 
sound reseun-li lit milling end beneSdatioii of fine- 
grained beryl Is needed. 

l»ESCKimON OF PEGMATITES 
OBAITON I>ISTBICT 

ira 1 Mxm 



Alihoug^ many pegmatites have been mined in the 
Grafton district, the Pnlermo No. 1 mine not only has 
been the sole significant source of beryl but aLso has 
yielded the largest production of beryl in New Hamp- 
shire dnrinp' World Wfir IT. PrYKluctlon since 1&45 
has greatly exceeded that of former yeai-s as a result 
of much higher selling prioea This mine (pi. 1) is 
1 mile S. fll ' W. of the villapp of North Groton, Graf- 
ton County, and about 2 nules by State, town, and mine- 
•ocess roads from that village. The Palermo mine is 
one of tlie best known lorulities for collectiiip {)e<iiniitit© 
minerals in 2vew Hampshire (Sterrett, 11)16, 1323; 
Berman, 1927; Verrow, 1940, 1941; Frondel, IMl; 

Frondel and Lindberp. lf>f«). 

The luine wa.s opened for sheet mica in ih&3 and 
moat of the undergrotind work was done before 1900. 
In 1914, the mine was purchased by (he Oeneral Elec- 
tric Co., Schenectady, N.Y. In 1U14-15, General VAcc- 
tric operated the mine for mica, mostly above the level 
of the lower openctit, find soniefime after 1920 the small 
uijenculb oji top of the outcrop were made for feldspar. 
In 1942-43 this company egftin mined for mica and 
beryl near the (op of the {Wfrmnt ite, but s<jiiie of their 
mica prottuction during this period was from the 
dumps. Following these operations, H. A. Ashleiy 
(later as the .\shley ^fining Corp.) mined mica, feld- 
spar, scrap mica, and beryl until late 1949. 

Steiteti (19S3, p. 181-188) nsited the mine m Octo- 
ber 1914, and descril>eJ the underground workings 
shown in figure 2 in the following fashion (numbers 
nfer to featniefl shown on fig. 2) : 

At the (north) end of the lower, or soutbern. open cnt [1] 
there li « larse tonoel or roon [2] 00 feet loDg wltb deep 
iBclliKd itoiies [7] czlHdliif fram It to fta noftliuat and aast 
and a drift with stopce eztendliiK opward to the wnth ; an 
nUw [8] couwcta with wwklnii from the oatcnp abont 80 
■Bd to Uw ww^ whoM u opni eat [4] M iMt lanff 
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bad been iDad« wltb drifts and atopes carrlad ondaiinuMl tton 
It. AnotbHr open cat [5) 40 fbtt Im* and 96 HM doap bad 
bm made aortbeut cf tte main lewer ogen cot end about 40 
fcet Ufber. IVon tUa open cot [81 aa tBcHned dhbCt [•] was 

8UDk that connected with tho niiiln stoics T'l at • daptli oC 4 
feet below Ute bottom of tbe maio open cut [1]. 

In 1948-40 tbe eooesrible wottangs eoosisted of tlie 

lower ojK'H out (1), that part of the tunnel or room (2) 
still accessible above water level, the raise (3), the open- 
cut (4) and some of tiie drifts and stt^ from it, and 
jyossibly part of the openrut (6) and inclined shaft (6). 
The large slopes (7) are filled with water. Small open- 
onts wen made on top of tiie ooterop north of the (dder 
workings before 1044, and by \o%*enib<?r l?!!) an open- 
cut 14U feet long, 110 feet wide, and 10 feet deep had 
been developed. 

The mine has \n'cri mapped and studied by the fol- 
lowing members of the U.S. Geological Survey from 
1944 to 19W: J. B. Hadley, F. H. Ifain, sod A. IL 
McNair in 1944-45 (Cameron and others, 1954, p. 215- 
217) ; J. C. Olson and J. W. Adams in 1947 (Olaon, 
1900) ; and J. J. Page, L. F. DeUwig, Fraderioic Sta- 
gard, Jr., and P. K. Bro«-n, Jr. in 1048-49 (pi. 1). 

The pegmatite is roughly tadpole shaped with a blunt 
northeast end that thins rapidly son<3i of the main open* 
cut (pi. 1). It is at least 280 feet long and as much as 
140 feet wi<lc. The average strike seems to be nearly N. 
45* E. and the dip is variable to tbe southeast. The 
hanging wall dips from 40o SB. to veitiflsl Tbe footp 
wall dips steeply southeast near the siirface, flattens 
slightly a siiort distance below the surface, and appar- 
entlj stM^NOB again to incfaide die older wnter-fiUad 
stopes readied from tbe old lowet openeut. The ftT«r- 



.i^.o uy Google 



DBHCSSnOH m PMMATIX18 



11 



age dip of the foot wull is about 50° SE. Tlie {>e<nii!itito 
appears to plunge 20° northeo^ward under the over- 
lying schist It is mmCIy oonoorcbnt with tlie walliodc 
which is quartz-mica-sinimaiiite schist. Sillimanito 
needles and larger crystals as much aa one-half by 2 
inches are canmonly altered to seiicite. The -wall- 
rock on the footwall side of thf pogmafito ponfli of the 
openout has been injected by pegmatitic material. 

There are six pegmatite iraitB at the Palermo nine: 
a quartz-miisoovite-plapioclnsc border zone; a plagio- 
dase^uartz-muscoTite wall zone containing sheet mica ; 
ft plagiotflsoe qoarta-perthite intennecBate xone contain- 
ing dieet mica; a quartz-plagioclase-perfliite intennedi- 
ate sane; plagiodase^iuartz-muscovite-perthite inter- 
mediate (core-margin) n»e oontMnini; heryl, plioe- 
phatai, and i:^;iiiir;ii n rils; and a quart2-]>erthite 
eon. Five of these are shown on plate 1 ; the border 
stone is too thin to be shown at the scale uwd. 

Tlie horde r zone is very fine grained quartz- 
muscovite-plagioclaae pegmatite. It is exposed at the 
north and east (hanfing^wall) eontacts of the pegma- 
tite and schist, and is ordinarily less than i inches tliick. 
At the footwall contact, the schist has been injected by 
psgmatitie nalai^], and the contact between wallrodc 
and the vrnW zone of the pegmatite is too gradational to 
pmnit separation of a border-zone unit. The unit 
oondsfe of 40-40 percent quarts, 80-40 percent musoo- 
vite, and 10-90 percent plagioclase (Ahu). Biotite, 
probably from the wallrock, is a minor accessory 
mineral. 

Tlie medium-grained plagioclase-quartz-mnscovite 
wall zone was the source of most of the sheet mica 
prodooed at the Palermo mine. This unit is most con- 
tinuous and pro1)iihly thickest near the north and ea-^t 
contacts of tl»e pegmatite, where it is exposeil along the 
hanging wall. Where exposed, tlie unit does not exceed 
5 feet in thickness. It seems to be tlie nnit mined in the 
old underground workings described by Sterrett (1923, 
pi. 181-132). The average composition of the unit is 
50 percent plagio(las<> (An,.,), ']'> f>ercent qtiartz, nnd 
15 percent muacovite. Biotite and black tuurniuline are 
minor accessory minerals. 

The first intermediate zone is medium- to coarse- 
grained plagioclase-qnartz-perthite pegmatite contain- 
ing slieet muscovite. This zone is exposed in and near 
the old workings at the south and southwest sides of tlte 
pegmatite. It is as much as 25 feet thick and part of 
it was the unit mined for sheet mica in these worldngs- 
This unit, and the serond intermediate zone, exposed 
in and around the main opencut to the north, are go 
sinnlar in position, texture, and location in relation to 
the other units that tliey could he considered the same 
unit, bat they are sufficieatly different in composition 



to show them on the map as separate units. The aver- 
age composition is 45 percent plagioclase (An,.,), 25 
percent quarts, 25 percent perthite, and B percent mus- 

covite. The proportions of thcee minerals vary greatly 
in the zone. Black toarmatine and biotite are the mo^ 
eonunon acc wMwy ndnerals, hiotite commonly occur- 
ring in strifjs intergrown with muscovite. Other min- 
erals are apatite, lazolite, pyrite, and chaloopyrite. 

The aeoond inlannediate sone is nwdimn- to ooarse- 
grained quartz-plagioclnse-perthif e peginat if e. It is as 
much as 40 feet thick on the east side of the pegmatite 
but thins at depth on the west side. The miit is absmt 
in some of the accessihle nndergronnd workings. Its 
shape suggests that it may have originally formed a 
hood WW the top of the pegmatite that extended 
farther downdip on the hanging-wall side than on the 
footwall. The average composition is 35 percent 
quartz, 8S percent plagiodBse (An4^), and 80 percent 
perthite. Thi5? zone is variahle in composition, and any 
1 of the 3 major constituents locally may comprise as 
much as 75 percent of the unit FMhite was mined 
from this nnit before 1942. 

i'he third intermediate (core-margin) zone is fine- to 
eoarse-grained pegmatite ooosistiBf of plagioclase, 
quarts, mnsfrovite, and perthite, with accessory heryl 
and phosphate minerals. This unit is thickest, possibly 
30 feet thick, on the footwall side of the eove; only 
discontinuous lenses of the nnit are fonnd on tho 
hanging- wall side, liapping in 1944 (Cameron and 
otiieia, 10S4) ahofwed a small exposnre of beryl-bearing 
pegmatite on top of the outcrop near the present center 
of the opencut, suggesting that the core-margin zone 
completely surrounded the oore. 

T'le ( (iin{>osition of the unit is variable; the average 
is 30 percent plagioclase (An,.4), 25 percent quartz, 25 
percent musooirite, and 20 percent perthite. The plagi- 
oclase is cleavelandite that occora in oval aggregates 
Bs nuich as 10 feet long and 5 feet wide bordereil hy 
rims of greenish-yellow muscovite. Equally largo 
aggregates of msdimn-grained muscovite and quarts 
separate the cleavelandite aggregates. Quartz is com- 
monly massive and similar to that of the core. Large 
crystals of beryl are most abundant near the inner edge 
of the imit adjacent to maerive quartz of the core, but 
smaller crystals are found in the muscovite aggregates, 
lyenses of phosphate-rich minerals are present near the 
core. Uranium minerals are in the muscovite masses. 

Tiiis unit contains most of the ran* minerals reported 
at the Palermo mine. A list of some of the minerals 
fcnaid at the mine by Fnmdel (IMl, p. 14B), Verrow 
(1941, p. 208-211), and Frondel and LuMibeTg (1948, 
p. 135-141) is given below: 
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BERTIj aSSOTTRCES OF KEW HAMPSHIRE 



Amblygonlte 

Apatite 

Autunlte 

Bnieillanlta 

QrrtoUte 



Ludtaiuite 
Manganlte 
UelanUwIte 



that sbeet-mica-bearijDg units have Lmq latgielj 



Ferri sltklerite 

Orafhinite 

Gunimlto 

Ileteroalte 

Lazallte 

Limonlt* 



Pyrtt* 

BliodoeliiiMUM 

TriiihvHte 

Triploldlte 

Dranophans 

Virlanlte 

WtaitlockJte 



The cora-tnatfnn sone induclM ih« minenls and 

features attributed to rp[)l;Kenieut iKidies in and adja- 
cent to the core during earlier studies of the Palermo 
peinnatite (Cameitm and others, 1954). Tkainff tiie 
IM.s-tD invest igiit ions, further study of fho rflation of 
this unit to the adjacent units indicated that it could be 
described best as a tme zone and tiiat fhe replaoenmift 

fpaturos rould bf rxpliiinod wifliout wquirin^' a sopa- 
rate replacement body of later age. The best evidence 
of the Bonal dtanetefisties of this nnit ta its spatial 

relation to other units of tbo pfojmntite. Tt has a 
definite and predictable location in the sequence of 
mdtfl, and akhoagh it is diacontinixnis on the hanginf^ 

wall side of rho core, po also are many zone!?, whereas 
replacement units commonly show crosscutting relation 
to snrroondinf units. Sinulir nnits hare been mapped 
as zones in ,; r pejimatites siich as the Hyatt Beryl 
pegmatite, Larimer Ounty, Cola, and the Bob Ingorsol 
Dike Now 2 pegmatite, B:t78tan^ S. Dale (Page, 1950, 
p. 2S). Replacement fextnn-'s, ?nch aa those produced 
by the corrosion of earlier formed crystals, have been 
used to indicate that this unit was a "replacement 
body," but thesr textures are as easily explained by the 
action of the residual pegmatite liquid on earlier 
farmed evjratals daring {t» nonnal seqwDoe of pogma- 
tttfi crystallization. 

The core consists of very coarse grained quartx- 
perthite pegmatite oocmriag in the thJckest part of tbe 
body. Massive quartr (fiO percent) surrounds large 
subhedra of perthite (40 percent) ; some perthitc crys- 
tals are as much ns 30 feet long and 10 to 15 feet in 
cross sect ion. Plagioclase is a minor accessory mineral, 
coinnionly occurring as thin rims of sugary-textured 
albit e ( A n«) bettnem pertlute and quarts. 

The Palermo p<»pTTialitp has yie1dp<1 larp? quantities 
of sheet and scrap mica, potossic feldspar, and beryl. 
Bcssires of tbeae minertb ars unknown, but probably 
are much less than (he past production. T^arpe parts 
of the core and core-margin zones have been mined out, 
■nd the gnat otent of undsrgniand workings indioat* 



Beryl is concentrated near the inner edge of theeon- 
matgin zone. The diacontinnous laoaes of this zone on 
the hanging-wall side of the core contained the largest 

crystals of beryl. The largest seen measnied 8 lest in 
diameter and 6 feet in length but larger one* ««n rs- 
oovered according to operators and mineral oollectors. 

Blue fri-een beryl is on tlie lianging-wall side of the core, 
where it is ordinarily aasociated with quart2. In places 
it approacbes aqnnnarine in quality, and some gem 
sf(x-k was recovered in -15. The BeO content 

ranges from 13J to 13.5 percenL Most beiyl on the 
footwall side of the core n dnB blue or green and tt 
as.sociated with plapirx^lase aTid quarfz. Small {glassy 
green beryl crystals occur in the scrap-mica massea, and 
orange to golden crystals are found near nrsniom min- 
erals. The BeO content of beryl in the serap-niicji 
masses is 13.1 to 13.1 percent. Beryl adjacent to lenses 
of phosphate minerals is gray to brown and, except 
for its crystal form, difficult to disf ij - li^h from alter- 
ation products of the phosphate miuerais. The BeO 
content, however, is similar to other beiyl in the unit, 
about 13.4 percent. 

The beryl content of tl^ core-margin ssoue on the foot- 
wall side of the eore was detennined by mineral 
measurejnents to be 1.5 percent. On the hanginj^-wall 
side of the core, the crystals are larger and, because 
tl»y have been almost completely removed during 
mining operations, mineral measurements in these dis- 
continuous lenses are of little value. During opera- 
tions by the Ashley Mining Gasp., most TisiUo chips 
of f r r<,'I 'n-cr^ saved, and an estimstod Mi-perOMit 
recovery was made by hand-cobbing. 

Potassic feldspar has boen mined from the core and 
the second intermediate zone. The best feldspar was 
from the large perthite subhedra in the core. Some 
of t hese probably contained as mnoh as S50 tons of high- 
quality potassic feldspar free of waste. Tn N"oveml)or 
l&4d, that part of the core of the pegmatite still un- 
mined was thickest in the central part of the main open- 
cut, and was thinner to the northea.st and south. Addi- 
tional potassic feldspar has been recovered from the 
second intermediate zone. Commercial grade potanie 
feldspar in this unit must be separated from qnsrtaMld 
plagioclase by hand-oobbing. 

Shert mica baa boon reooverad in hurge quantities, but 

tho most promising and easily accessible areas have 
been worked out and even the dumps have been re- 
woAed. The percentage of sheet mka originally in 
the wall zone is unknown; all rock exposed in 1949 was 
not mined in earlier operations because the sheet-mica 
content was too low, and therefore the exposures were 
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not representative of tluit ]iar! of tho zono formerly 
miitdd. The sheet-nuoi contcat of tlie first intormo- 
diato zone is TariaUe, but tbont 1 pemnt of the mneoo- 
vite present scfins to lie of sheet quality. The sheet 
micA is hard, rum to ruby, and free splitting. Books 
seen in the wall zone end fint iDtennediate some are no 
lar<i<>r tliaii 3 iiulics long by 2 inches wide by 1 inch 
thick, but all outcrops observed are low-grade areas 
left dining mining operationa. Sterrett (IDSS, p. 188) 
tvported one hmk of inicu 4 feet 2 inilies long nnc] -29 
inches wide and another 2 feet in diameter and 2 feet 
tliick. Serap mica can be lecovered from the com- 
margin zone by hand-cobhinp: from afrprefr^fps having 
a Tcry high muscovite content. Muscovite of scrap 
quality to a constittMnt of all tmits in tiie pegmatite 
except t]ie core, but it could bo recovered from moat of 
these units only by milling methods. 

A amall toonage of phosphate mineralB, mostly tri' 
phylite from lenses in the core-maririn zone, may have 
bem used for experimental work on a process to recover 
litliiiuii. nMnfanopubliBhedTeeotdof ifaet«8nltof 
these investigations. 

Secondary uranium minerals are present in extremely 
anall qoantities at plaeas in the eove-maifiii sone. 
These are in Bcmp-mica musses and commonly are aMO- 
ciated with goldeti beryl "n<] fl'irli-trmy quartz. 

KEENE DISTBICT 

Manj pegmatites of the Keene district have long 
been of economic importance. They have been an 
intermittent but imports nt source of sheet mica and 
feldspar since about 1810 when the Big mine was first 
opened. Some beryl has been recovered as a byprodnet 
of feldspar and mica mining since the late 19.30's, but 
before that time there waa Uttk demand for it. Most 
mines in this district were studied in detafl in 19tt^ ; 
for the purpose of this report, the Chickering mine and 
Uie Beryl Mountain mine were examinpd. 

BKRVX MOUNTAIK MIXB 

Beryl Mountain (pi. 2) is in the town of Acworth, 
0.6 mile S. 8S* W. of South Acworth village, Sullivan 

County. One of the two pefrmatitcs prc?!rnt is a well- 
known mineral collecting ground, and many descrip- 
tuaut of die mmerala have been reported (Shepard^ 
1830, p. ?m~^m: Teschrmnrher, 1811, p. 101-192; 1847, 
p. 87-89; Holden, 1918, p. 199-200). The beryl-bear- 
ing pegmatite was fint mined by a Mr. Bowers before 
1844 (Jackson, 1844, p. 59, 182) and lu\s be<>n operated 
intermittently since that time. It was not operated 
during World War II, despite the increased demand 
for leryl at tliat time. In May 1949, H. A. Ashley 
bought the mine from Miss Sadie A. Cohen, long-time 

MI91»— <a — s 



(nviier, and lierrun operations that resulted in the prodnn- 
tion of a large but unrecorded tonnage of easily band- 
cobbed beryl. Although the date he ceased mining is 

not known, it probably was about 1053. 

The pegmatites were studied by H. M. Bannerman 
in 1942 (Oameron and others, 1954, p. 876), when 

much of the beryl-lM'arinfr pefrnintite was mapped by 
him and J. B. Ileadley, Jr. In 1943, the Bureau of 
Mines cleared the floor of the largest opencut and drove 

a .'5fi-fi)<it expl(jra(r>rv adit beneath tlie floor. R. B. 
Levin, who was in charge of the project, mapped and 
studied part of the p^matite (Levin, 1948). 

Thp two Larpe pofrinafites were mapjied in 1948 by J. 
J. Page and L. F. Dellwig. Details of the rich beryl 
deposit exposed at that time are shown on plate 3. 
After the mine, w as reopened in 1949 by H. A. Ashley, 
the mine was remapped by Page and P. K. Brown, 
Jr. (pi. S). In June 196ft, pcobably about 2 yeaxs 
after Asliley ceased operations, (he map of the mine 
was brought up to date during a 2-day field study by 
L. R. Page and D. IC Larrabee (pL 2). 

The mine is an openent about 140 feet lonjj;. from 50 
to 40 feet wide, and as much as 40 feet deep. 8mal] 
underground wotltings attend westwaid from the open- 
ctit. The pegmatite nho has been exposed in two 
shallow ti-enches near the northeast end, and in several 
diallow pits near the hilltop south of the main working. 

The pegmatites on Beryl Mountain nro diwrdant to 
the enclosing biotite gneiss and amphibolite. Amphib- 
olite has been altered to a granulitic rock extending 
ns mnrli as ?, feet from thf rontnrt. The attitude of 
foliation varies gmitly, as sliown on plate 2. The aver- 
age Strike to northeast, and the dip is commonly to the 
enst or ~outhen?t. Tlie plunge of minor ftdds gener- 
ally is to 16'-' NE. 

The pegmatite west of the mine is about 700 feet long, 
and its outcrop width is about 50 feet. It stiikes 
northeast and dips steeply southeastward. A small 
shallow opencut has been made in the northeastern part 
of this pegmatite. This body consists of a thin border 
zone, a wall zone of plagioclase-quartz-pertliite p^;ma- 
tite, and an apparent core of perthite-qustts-plagiodase 
pegmatite. 

The main beryl-bearing pegiaatile spuiniiiig the sum- 
mit of Beiyl Mountain trends northeast, dips steeply 
wnfheast, probably hns a lenp:th of more than 1,100 feet, 
and is exposed over a maximum width of about 180 feet. 

The pegmatite probably plunges 10^ to 16" N. 80'* "E^ 
parallel to rolls in tlio lu'trmatite contact and to the 
arches in Uie bottom of the quartz core as shown in 
MOkmC-C' ttO-G' (pi 2), The ewHmted auud- 
mum depth of the bottom of the pegmatite to about 100 
feat 
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A very nari-ow bonlfr zone, abeent in placas, sur- 
rounds a thick wall zone of plagiodawHiuarU-perthite 
pegmatite. Tbis latter warn oonnate of aboat <0 per- 
cent pliijrioclaiie, 30 perc<"nt quartz, 10 percent perthite, 
and minute quantities of musoovite books less than 2 
inehM in ^amcter and black tomnaliiM crTStab 1ms 
than 4 inches long. 

Plagioclase-muacoiTita-qaaTtc-perthita-beiyl pegma- 
tite eompriaas I3t» intmrnwdfate soma, -wliieli baa an 
avcrapjB thiclmess of about 2 feet Imt is as much as 7 feet 
thick near the hilltop south of the mine face. The most 
difltinetiTe diaxadflrktitt of ihia zone is flra larga quu 
tity of TriTiscovite in we^igre-sliapfd crystals. The com- 
position of the zone is about 35 percent plagioclase, 
SO peroeat uusoovHs, 8S penei^ qwrts, S percent 
perthite, and 5 7>prccnt beryl (13.8 to 14.0 percent BeO). 
Locally the zone may be much richer in an; single 
oonstiCaemty ss tat enm^: M peroant plagiodase, 80 
percent muscovite, 90 percent qnnrt:^, 20 percent 
perthite, or 80 percent beryl. Grain sizes vary greatly ; 
the largest siaaa observed are : plagiocloae aggngatea, 
2by 6 feet ; muscovite books, 1.5 feet in diameter: quartz 
aggregates, 5 feet in diameter; pertliite ciystals, 5 feet 
in diameter; and betyl crystals, 1.5 by 6 feet 

The core conrfsts of white granular quartz contain- 
ing irregular streaks of pale-ms© quartz. The quartz 
gnins are lass than one-eighth inch in diameter. The 
outer part of t!ie core in places contains perthite 
crystals as mudi as 20 feet long. Ltjcally, fracture 
fillings of quartz from the core invade the intennediate 
zone. Where the perthite-rich parts of the core are 
absent and the mica-rich intermediate zone is in contact 
with tbe eore, beryl crystals extend into the core as 
much as 7 feet. The core has a length of 500 feet and 
a maximum thickness of about 60 feet; the average 
tliickness is about 25 feet. 

A unit of perthife-quartjs-plagioclase lithologically 
similar to the apparent core of the western pegmatito 
occurs south of the main openeut and along the east 
side of the p^;inatite. In some places this is within 
the wall sone but in others it is between the wall zone 
and eastern, hanging- wall contact. 

In the south face of the open< uf, tlie quartz core 
arches over the wall zone, the axis of the arch plunging 
10* to 15« N. ao* B. This is a remnant of the qoHts 
saddle so well exposed in earlier operations. TTere the 
wall zone on the southeast side of the cut pinches out 
to the northeast, the end plun^g 18* K. SO* B., as 
shown by rolls in the quartz and wall-zone surfaces. To 
the southea^ this sliver of qnartx core and intermediate 
zone pinches out. 

Most beryl of the intennedisto lone is blue green, 
but some is <diTe to brown and some nearly golden 



(pi. 2). The beryl is coarse grained, eiihedral. and 
although in placee rimmed with plagioclaae, nearly ail 
of it osn be broken free by buid-ooUnng. Ciystal 
measurements made in 1955, after the most accessible 
beryl had been removed by mining, indicated the 
fotllowing beryl content in the intennediato zone and 
outer part of the core : 
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Thus the average beryl content is about 5 percent. 

The intermediate zone is about SCO feet long; it has 
an average tlu^ees of fi lest, end prdidbly bss an 

avcrape depth of 25 feet where nnmined. In mos?t 
places Uiis zone is in contact with the quartz core. 
Thus, the total tlueknem of the beryl-beating pegmatite 
is aVmut. fi feet. Recovery of most of this beryl will 
require underground mining methods; the present 
openeat esnnot be expanded economically. 

Most of the potassic feldspar of the outer part of the 
core has been removed during past operations but some 
hand-oobbable material remains soodrwest of the large 
openeut. Scrap mica could be recovered by hand-cob- 
biii^r as a coproduct with beryl of the intermediate zone. 
Much clean quarts remains east of the exploration adit 
and eoutli of the openeut; samples of especially pure 
material analyzed for the New Ilampshire State 
Planning and Bevelt^nnent Commission (M«;yen, 
1941) had a content of 99.38 percent SiOi, 0.80 pmsnt 
A1,0», and 0.016 percent Fe,0,. 

CaiCK£KINO untm 

The Chidcering feldspar mine is S.8 miles N. 83* K 
of Walf jole village, in the town of Walpole, CheshiiB 
County. The mine was last worked for potassic folds- 
par in about 1925 by the Whitehall Co., Inc. The 
irregular openeut is 80 feet long and as much as 70 
feet wide. The highest point on the rim of the rut is 
about 40 feet above the floor. The cut is now used to 
Store water for fire protection, and the water ranges 
from 5 to 20 feet in depth dei>endinp on the rainfall. 
A prospect pit 20 feet long, 10 feet wide, and as mndi 
as 16 f^ deep is 50 feet sooth-sondieaBt of the mam 
cut.. 

The «ze of the Chickering pe^atite can only be 
estimated beeanse the essteRi (hanging- wall) contact 
and the northeni and sondiem ends are not e.xposed 
(pL S). The pegmatito «sn be traced for 360 feet 
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N. 20° W., which probably is the average strilw €< the 
body. It is at least 80 feet thick and dips eastward 
about 60=*. The pluuge of linear elements in quartz- 
mica-Btaurolite schist of the wallrock is 10° to 12° SE^ 
but email rolls on the foot wall contact of the pegmatite 
plunge 6° tr> 10° \. 20° W. The south end of a smaller 
pegmatite crops out 75 feet west of the opencut. It 
trends N. 20= W. and is at least 180 fMl long ft&d 18 
feet wide. Ita dip is uiikiiown- 

Five units have been mapped in the Chickering peg- 
matite. One of these contains spodumene, lepidolite, 
and beryl. This is the only pegmatite in the Keene 
district where these minerals are known to be constitu- 
ents of a single unit. The border K>ne consists of verj- 
fine grained quartz*inuB0OTite-plagiocIa.se ivesinatite. 
Tlie zone is commonly only a few inches thick, and can 
be shown on the map (pi. 3) only on a dip slope at the 
yittt aide of aei^ion A~A*. The plagiodase is An^.^. 

The wall zone is fine- to medium-grained plagioclase- 
quartz-perthite p^;matita. Plagioclaae (Ana^), in- 
dnding cleaTBlandite, i8 about equal in abandanee to 
quartz, and each is nearly twice as abundant as perthite^ 
MoflcoTite is an acoeaaoiy minenl The smaller pegms- 
tita body eonsists enthvly of material similaT to the 
border and Tvall zones of the main popmatite. 

The first intermediate zone is medium- to coarse- 
gnuned quartis-eleaTelandite-perthite pegmatite. The 

ftvcrajie composition is 45 peiTent quart/. 30 percent 
deavelandite (Ani.« ) , and 20 percent perthite. Musco- 
▼ite is the chief acoMSory ndneral, and blade, bhie, and 
green tourmaline and apatite are minor acce^ory min- 
erals. Cleavelondite occurs as veinlets cutting the 
coarser grained perthite and also forms rima around 
perthitp. Qtiarfz and muscovite compnV the finer 
grained matrix between the perthite-cleavelandite 

The second intermediate zone consist >5 of the same 
essential minerals as the first intermediate zone but with 
tha addition of Booeaaocy apodunene, lepidolite, beryl, 
colmnbito. and several phosphate minerals; the texf\iiv 
is also similar. This zone is discontinuous and on the 
footwall aide oi the p^imatite, ita average thidbiees is 
2 feet; on the hanging-wall side, it is as much as 10 
feet thick, but its average thickness is much less. The 
amall isolated patches of the tmit shown on plate 3 are 
either at the mnrpin of the core or in a position that 
could have been uiargiual to the core before its removal 
by erosion or mining. 

Crystals of spodumene are more abundant than crys- 
tals of otlier accessory minerals, but nearly all the 
apodumene has been completely altered to a very fine 
grained a^'jj^rerrnte of muscovite and quartz. Locally 
lb to 20 percent of the pe^natite of this zone consists 
of apodamene erystals as much as 2 feet long, 6 inches 



wide,aad4indMSthielc. LapidoliteismiidihflB abun- 
dant than altered spodumene. It is commonly gray 
and occurs in small, very fine grained irregular aggre- 
gates. B«7l (12.4 to 18.1 pereant BeO) ia whita, and 

diiRcult to distinguish from some of the feldspar, 
quarts, and amblygonite. A few small plates of 
columbite are present. Spodumene and lepidolite are 
mr»st abundant in the inner half of the zone, whereas 
beryl is most abundant in the outer half j in a few places, 
theae minarala ooenr together. 

Phosphate minerals, commonly triphylitc bnt also 
less abundant amblygonite and apatite, occur in isolated 
exposure of quarta-deaTelandita-perthite pegmatite^ 
Sulfides and carbonate5, probably mostly siderite, are 
commonly associated with the phosphates. The ap- 
proximate outline of the phoapbate- and eaifaoiate- 
bearing parts of the zone are commonly indicated by 
brown- to black-stained areas colored by iron and 
manganese oxides derived from th« weathering ui 

the.^e minerals. 

The core is medium- to coarse-grained perthite- 
qnatta-plagioelase pegmatite in wltkih tbe perthite eon- 
tent exceeds 50 percent. Quarts is almoat twice M 
abundant as plagioclase. 

Beryl occurs onlj in the aeoand intennodiato aone, 
where it is most abundant in the outer half. The beryl 
is white and very difficult to distinguish. The size of 
the cryatala ia aobh tibat a neovery of 73 percent might 
be obtained by hand-col)bing if the workers were skill- 
ful in recognizing the bei^l. Mineral measurements 
indicate HaA the average beiyl oomtent of tha zona ia 
0.11 percent. The beryl oontaina 1S.4 to 18.1 pareent 
BeO. 

The largest potaaaie feldspar reaooreea are in the 

core, where the crystals are sufficiently larpe to permit 
recovery by hand-cobbing. The perthite in other units 
could be reooveced only by ndUiag. Mndi of the 
perthite in the opencnt is heavily stained by iron and 
manganese oxides from the phosphate-carlwnate-suJ- 
fide aggregates of the aecond intermediate zone; this 
staining may disappear a few feet lielow tlio surface, 
but the iron- and manganese-bearing minerals are suf- 
ficiently abundant in tiiis unit to require their aepara- 
tion in concentrating potassic feldspar. 

Sodic feldspar is present in all units, but the grain 
siaa is too small to permit an economic recovety by 
hiind cobbin^. By the nse of milling methods, sodic 
feldspar could be recovered with potassic feldspar. 

No riieet mica was seen at the Chickering mina 

S< rap mica could be recovered from all units except 

the core by milling. Most of the muscovite occurs in 
bodts and flakea too amall to be raoovered by hand* 
flfliMring. 
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BAnioHD maasm 

tfany pegmatites are in ttie general vieinUy of Bay- 

mond village, aiul four of the most important ones are 
described in this section. These are all northeast of 
the mtaller Sajmond district (p. 19). Several have 
been prospected or mined for feldspar and associated 
miiterals. Xearly all sucl) actiTitj was by the Wliite- 
hall Co>t Inc., after Worid War II. 

The Corson feldspar Dtine is in one of the most 
important pepmntitos in ih<^ Raymond region. It is in 
the town of Nottingham, Rockingham County, 3.9 
ntUes N. 45° E. of Raymond village. The mine was 
operated by the 'Whitehall Co., Inc., during their post- 
war activity in the Raymond region, and until opera- 
tions ceiiKfd ill 1018, the mine supplied feed for the 
mill lit the Chandler mine, fS miles southwest of Ray- 
mond. Workings consist of an opencut 70 feet long, 
St5 to 40 feet wide, and 10 leet deep^ and two small 
prospect pits. 

Two pegnmLite bodies, perhaps connected below the 
surface, crop out at the mine (pi. 4) . The northsasttm 
body, containinir the nuiiii openrut, is the larger and 
better exposed. The main part of this pegmatite is 
100 feet long and 65 feet wide, but an oiTshoot as much 
as 30 feet thick erteiuls 90 foot farther to the south. 
Contact.s of this ii rej;ularly shaped pegmatite are geu- 
Srally discordant to bedding in the intorbcdded mica- 
quartz schist and lime-silicate country rocks. The dip 
is probably nearly vertical, but there are many varia- 
tions in the attitudes of the contact. The plunga is 
unknown, but the pegmatite may parallel a minor 
fold in ischist that plunges 60° S. 25" W. The second 
pegmatite, 50 feet southwest of the opencut, is nearly 
circular, with a diameter of aboot 60 leet. The attitude 
of this body is unknown. 

Four pegmatite units have been mapped at the Corson 
mine, and two others, a thin border zone and a late 
fracture Blling, are not shown on plate 4. The second 
intermediate lOne, eOOSiltlllg of quart^-cleavelandite- 
muscovitc pegmatite, crops out only in and near the 
opencut, but the other zones are pre.<!ent in both peg- 
niiitit{>s. 

Tiu> border zone consists of very finf prrained quartz- 
muscovite p^;matite with accessory plagioclase. The 
onit is from cme-qoarter to S inches tUek. 

The wall zonr is fine- to mrflimn- grained plagioclase- 
quarts-perthite pegmatite with accessory muacovite and 
minor aocsasory Inotite and garnet Hw average 
composition ia 85 percent plagioclase, 80 percent qnarta, 



10 percent perthite, and 5 percent accessory minerals. 
AboMt ore-fourth of the plajrioclnse is elenvelandite. 
Muscovite constitutes as much as 5 percent of the unit, 
but the average content is 1 percent. Very thin 
radiating ^trips of biotite 2 to 8 inches long and 1 inch 
wide are exposed in small areas within the unit. The 
thickness ranges from 6 inches to 80 ftet in the offshoot 
from the main pegmatite. 

The first intermediate zone is medium- to coarse- 
grained plagioclase-perthlte-quartz pegmatite with 
accessory muscovite. The average composifion is 55 
percent plagioclase, 30 percent perthite (including some 
graphic granite), 10 percent quartz, and 5 percent 
accessory minrrnlR About one-fourth of the plagio- 
clase is clpAvchuuiitp. 

The second intermediate MOe IS medium-grainod 
quartz-cleuveliindife-muscovite pegmatite forming a 
discontinuous unit between the first intermediate zone 
and the core. Its average conipoaHion is 75 perosint 
qUHiiz, 10 jHToeiit cleaveljuidite, 10 percent muscovite, 
and 5 percent uccessoiy minerals including perthite 
and beryl. This is the only zone containing beryL 

A 2-indi fracture filling of quartz-beryl pegmatite 
cuts the second intermediate zone. It contains many 
small yellow beryl crystals arranged normal to its 
walls; one eiystal extends almost oomi^etelj acroas the 
unit. 

The core consists of eo a r o e g r a ined quartz-perthite 

pegmatite with accessory muscovite and plagioclase. 
The average composition is 76 percent quartz, 20 percent 
perthite, and 6 percent accessory mineralB. Perthite is 
in euhedral to subhedral blocks in the gray quartz. In 
tlie southwest pegmatite, a small exposure of similar 
rock is surroonded by the wall son* rather than bmng 
within the first intermediate zone. 

The beryl content of the second intermediate sone 
is 0.15 percent, and most of it could be recovered only 
by milling. Most beryl crystals are less than 1 inch 
long, but a few are as much as 8 inches long. They 
are yellow, yellow-<rreen, or golden, ("olumbite plates 
as much as 1 inch long, 1 inch wide, and one-half inch 
thick are rare in the second intenne^ate zone. 

Potassic feldspar can be recovered from the core by 
hand cobbing, and a small amount of the perthite in the 
first intermediate zone can be recovered. Thie66 units 
would not stipport mining operations under the eco- 
nomic conditions of 1950, and tha resonroes of both 
potassic and sodic feldspar could be more efficiently 
recovered by milling methods. The pegmatite is im 
small to support a mill that is not also supplied by other 
nearby pegmatites. No sheet mica was seen at the mine, 
and tho scrap mica could be rsoororsd only by milling: 
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UeOAUL MTN8 

Th»MioQ»U hMepttt miii* is in the town of Ray moud, 
Bodringhwn County, LO mile S. 6* E. of Raymond 
village. The mine was opened by the Whiii lmll Co., 
Inc. in Septamber IMS and was worked until March 
1940 when nil mining ftctiTity OMwd. Workings con- 
sist of nil opencut 100 feet lofifr, S") lo 80 foet wide, 
and as much as 25 feet deep, and three small praqwci 
pita. 

Two liirpo. and fhreo smnll pt'jrniafitea crop out nt 
the mine (pi. 5). The opencut was developed in an 
oraloid pegmatite, 110 feet long and as much as 70 feet 
wide, tliiit strikes alxnit N. 20° W. The contacts <lip 
outward at angles ranging from to 75° except on 
tha east aide where the dip is 70* inward. The pegma- 
tite is generally discordant to the l«eddinir in flu- qimrtz- 
mica schist wallrocks, but in places it is parallel to an 
induoed foliation present in the wallKMk witMn a few 
feet of the contact. The jilimpfi of minor folds and 
lineation in the wallrock adjacent to the pegmatite 
ranges from 16" to 40** SW. 

TliP Inrp^st ppcrmatite is a lenticnlnr body 320 feet 
long and as much as 60 feet wide. It is generally 
disoor^mt, trends due east, and dips 55* to 05" S. at 
the east end, and 65° to 75° N. at t!iP west end. A roll 
in the north contuct 100 feet east of i!ie west end of the 
pegmatite j>luugf'--5 40° NE. This is the only feature 
indi< .ilinp: a pos.siblo plimge of the body. 

A sunaller pegmatite southwest of the laifrer opencut, 
having no exposed contacts with walhock, is known 
only from outcrops. A pegmatite 1 foot thick and at 
least 10 feet long is exposed in the ea-st wall of the 
opencnt, 7 feet south of the probable contact of the main 
pegmatite. It strikes about east and dips 50° S. 
Another small pegmatite crops out 80 feet north of the 
east end of the largest pegmatite. No contacts are 
exposed, but the two small outcrops trend S. 70° "W. 

Five pegmatite zones have been distinguished at the 
McGdll mine, and all except the border zone are drawn 
en plate 5. Fracture fillings also have been recognized. 

The border zone consists of very fine grained qtiartz- 
muscovite-plapoclase pegnnit i(e. Although commonly 
less than one-half inch thick, in places it is as much as 
6 inches thick. 

Hie w«n zone is fine-gfiiiwd plagioclase-qnarta- 
muscovite pegmatite with aeoessory perthite and minor 
accessory garnet, apatite, beryl, and columbite. The 
average composition of the zone is 60 percent plagio- 
clase, 20 percent quarts, 10 petoent muscovite, and ID 
percent accessory minerals. In ezposnres near the en- 
trance to the main opencut, moat of the plagioclase is 
clevelandite, but elsewhere in the unit cleavelandite is 
only in isolated patches. 'Dub aone is 2 to 8 feet thick 



along ihc outer margins of the larger pegmatites, and 
is the sole constituent of the smaller pegmatites. 

The fitst intermediate sme n raedimn- to ooante- 
prained perthite-plagioclase-quartz pegmntito with 
acoefieory muscovite and minor accessory beryl, garnet 
sphalerite, and pyrite. The aTerage composition is 45 
percent perthite, 35 percent plagioclase, 16 percent 
quartz, and 5 percent acoeseoiy minerals. Perthite is 
omnmoDly ooane grained, and set in a matrix of plagio- 
e1a.=f', qnarfz, jind nmscovite. Part of the pertliife is in 
graphic granite. Cleavelandite and normal plagioclase 
are about equally atnmdant The firat inteimediata 
zone h the largest nnit exposed in the two main 
pegmatites. 

The second intermediate amw is mediuBi-grained 

quartz - muscovite - perthite - spodumenc - cleavelandite 
pegmatite. The average compoeition is 40 percent 
quarts, SO percent muscovite, 15 perotat petthite, 15 per- 
cent spoduniene, and 10 ])ercent cleavelandite. This 
zone is exposed only in the opencut where it surrounds 
the northwestern eaqMsnre of the oore of the pi^matita. 
It iB 2 feet thick. 

The core is medium- to coarse-grained qu&rts- 
spodumeiM pegmatite. Grain measurements in the 
core give an average compo55ttion of 8fi percent quartz, 
13 percent spodumene, and 0.74 percent beryl. Colum- 
bite and triphylite are minor a c ce OB Ory minerals. Two 
segments of the core are in the opencut, one on the nortli- 
west wall uf the cut and the otlier on tlie south and 
southeast wall& ThsBBsegments are not now connected 
although they are reported by the operator to have 
formed a continuous miit across the cut at one stage 
of min ing operations. The oore has an avetage thick- 
ness of :i feet. 

The huge pegnwtite has a. c*aitral unit of quartz 
pegmatite, 25 feet long and 2 feet thidi, near its east 
end. Although spodumene is a minor nccessory min- 
eral, this unit is otherwi.se similar to IIjo core of the 
ptlgniatite in tlie opencut. Quartz pegmatite also 
occurs as pods or fracture fillings in Uie prospect pit 
near the north contact, 

A few tabular fracture-controlled units of quortz- 
ricli pegmatite cut the first intermediate sone in the 
opencut. Bcr^'l and muscovite are minor aooesBOiy 
minerals. Small vugs at the ends of these units are 
lined with crystals of plagioolaae and quartz. 

Beryl is most abundant in the oore, and possibly 
extends iuto the second Intermediate zone. It is also 
preautt as a minor acoeasoiy mineral in the wall and 
firat intermediate zones, and in fracture fillings. Inthe 
core, beryl is yellow to yellow-green. The average 
surface area of individual crystals is about 20 square 
inches, and nunfe ctystab oonld he leooTered by h«nd- 
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cobbing. Grain measurements indiciitp that the grade 
is 0.74 percent. CrystAls of light-greeii beryl as large 
M 7 by 7 inches occur in tlM wall eone, but moat ecjBt&ls 
are less than 1 incli in Jiametpr nnd are w idely scattered 
throughout the unit, Tliis iuie-grained beryl could be 
noovtred only by milling methods. The Uftjor lie- 
sources of beryl depend on the size of the cores of the 
two main pegmatites at depth; reports from minei-s 
indicate that the core segments in the opeucut decreased 
in size with depth. Tfawe is no evidence of a possible 
increase in size of the core of ttz larger pegmatite. 

Potassic feldspar resources at the McGall mine are in 
the first intermediate aone. The coarsest grained 
perthlte is in the walls of the opencut, but it is nnther 
sufficiently abundant nor large enough to warrant its 
recovery by hand-cobfaiiig under economic conditions 
of 1M9. Moet of the feldspar was tnteked to the mill 
nt tlip rhimdler iniiii', cnislicil, iind separated from 
waste rock on iticliing belts. Potassic and sodic feld- 
spar, with scrap mnscovite as a hyproduct, might be 
rf'oovoiTd bv iiiillinjT. 

Sodic feldspar, present ia all units of the pegmatites, 
is meet abnndant in the wall coneu The |p»in rise of 

plnrriodaso in flio J)fpTllatit^'^• i> (oo siiiull to permit 
hand-cobbing, and recovery would be pnissible only by 
milting. 

No sheet mica seen at the mine. Tlic wall zone 
contains a greater petxxntage of scrap mica than otiier 
unite, but Qtb largest resooiees are in pegmatite of tlie 
first intermediate zone, becaiJ?<> of its frrontcr size. 

Spodumene is present in the core and second inter- 
met^ate sonee, and tesoarocs, like those of bety I, depend 
on an increase in the size of the two inner units at depth. 
Spodumene in the core i^ hard and fresh where ( Dclosed 
by quartz but is soft and altered to mttsoovite where 
eiKlo^d by felspar. The qiodumeiie oontent of the 
core is 13 percent. 

Oolnmbite is a ver>- minor acoessoiy mineral of the 
core EiTnl wall zones. The grains are veiy small and 
could not l)e recovered hv hand-cobbing. 

The MeMnlten feld.spar pn spci t consists of three 
pegmatites 1.0 mile S. 12° W. of Kaymond village, 
and about 0.3 mile west of the McGhUl mine. The 
prospect wes worked by the Whitehall Co., Inc., for 
a few weeks in September and October 1948. A shallow 
opencot is 100 feet loog^ 10 to 76 feet wide, and has a 
maximum depth of about 10 feet The novtheest ends 
of the northern and central pegmatites were mined. 

The thzee pegmatites are parallel, but arranged en 
echelon so that the sonthem pegmatite extends ferther 

cast than the others. The bodies nre lentirular, con- 
cordant, 220 to 260 feet long, and 2 to 40 feet thick. 



They strike N. 70" E., dip vertically or steeply south- 
ward, and probably plunge 1" to 15*" SW. The wall- 
rock is quartz-nuea schist. A conoordant mafic dibs 
10 feet thick is between the eentxal and southern 

pegmatites. 

Most of the mining has been in the central pegmatite^ 

which consists f o poorly defined zones. An irreg- 
ular core of quaitz perthite pegmatite ia the center 
is surrounded by fine- to medium-gruned i^agioolsae- 

quartz-perthite p>egmatite eontainirg accessory mnsco- 
vite and minor accessory beryl. Tlie average comixjsi- 
tion is 45 percent plagioclase, 40 pereeiM quartz, and 
It) jxTfent periliite. On the soiith wall of the cut, 
small irregular areas of very liuo grained aplitic 
material occur in the matrix between perthite Mocks. 
Tbi^ nist'rix consists of plagiorlase (Ang), quartz, and 
gurnet, and la separated from jiertliito by a thin layar 
of cleavelandite (An ). Abont two-thirds of the ^a^ 
pioclase in tlii^ unit is cleavelandite. Measurements 
of beryl graixoa acroi^s the west wall of the opencut 
indicate a grade of O.OS percent Most of the beryl is 
in crj'Stals less than 1 inch in diameter although 1 
crystal, possibly from tlie core, may have been 1 foot 
in diaiupfer. 

Production of iK'trrnatite minerals from the ^icl^Iullen 
prospect will depend on the use of milling methods. 
Perthite is not safldBnlily abundant for hand-cobbing, 

and plagioclase., scrap mica, and }^'ry] are too fine 
grained to be recovei'ed ecunomically by hand methodit. 

The Vatcher feldspar praepeot is tJS miles N. 60* E. 

of Raymond villafTP. In 1947, the "Wliitchall Co., Inc., 
removed the overburden from much of the pegmatite 
and opened two small prespeet pHs in search ot potasaie 
feldspar (pi. 6). 

The pegmatite is at le^t 400 feet long and 90 feet in 
outcrop widtli. The strike of the hanging-wall contact, 
the only one visible, is about N. 60* E., and tlie dtp 
is 30° to GO' SE. The [legmatite is concordant with 
hedding in the mica-quartz schist. The plunge of the 
p<»|rmatite appears to l>e al)out 20' in an easterly 
din>ction. The footwall contact is not exposed nor ii 
the extcnsiMi of the pegmatite southwestward from 
the area mapped. A very fine grained, highly altered 
mafic dike 7 inches thick strikes N. 45° W. across the 
pegmatite and dipaSO^ SW. 

A thin border zone of very fine grained quartz- 
muscovito-plagioclase pegmatite is present along the 
hanging-wall contact It is less than 6 inehsB fhililf 
and locaUy is less than 1 inch thick. The ezposuies 
diown on the map (pi. G) have been exaggerated in 
order to be sliown. The average composition is 55 per- 
cent quartz, SO percent muscorite, SiO percent plagio- 
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clase, and 5 percent nctceeaory miiimcmls inoludukg 
cleavelandite, beryl, and gameU 

The wall torn cms&s/ta of fine- to mediuflvgnind 
plnpioolase quartz-perthite pejjmfttite with accessory 
mmoovit«, biotil«, tuid cleavclaiulite^ and minor acces- 
■oiy black tonrmftliiw, garnet, beryl, columbite, and 
sulfides. Thp nverage composition is 40 percent plagio- 
clase, 30 percent quartz, 25 percent perthite, and 6 per- 
cent accessory minerals. Ths Telative abundance of the 
essential minerals in the zone varies widely. The thick- 
ness of the zone is unknown, but in many exposures it 
ieema tofae ftfihiii cap over the core. 

The core is medium- to coMM-gndBied perthita- 
quartz-cleavelandite pepnatito. It alio oontaiiiB mus- 
covite, blocky plagioclase, and minor accessory hcry], 
oolumbitA, and garnet. The average composition is 45 
peromt perthite, 40 percent quartz, and 10 percent 
cleavelandite. The quartz is pray, pink, and wliile. 
Perthite in massive quartz is euhedral, but elsewhere 
it is in mibliednil blo<te with a matrix of finer grained 
quartz niul cleiivelandite. 

The core has been exposed only locally by erosion of 
the wall-zone cap. Ilie can probably extends the 
entire length of thn pepmatite (pi. 6, gertion .1.1'). 
Pegmatitic material with a composition similar to that 
of the cote is exposed in roughly tabtdar fractare-filled 
bodies extendinc from the central pnrf of t]ic i^fpina- 
tite across the wall and border zones to the hanging- 
wall sdust At one place the ecmtaet is oiFset slightly 
at its junction wifli the frarfnrp fininp. 

An irregularly shaped imit of cleavelandite-perthite- 
muacovito pegmatite near the center of the norUieasteni 
part of the pefrmatite proVialdy wa.'S formed by ihc re- 
placement of earlier xx^gmatite, and its composition 
Taiies greatlj. The pegmatite is fine gn^ned to 
medium pralnrd, and rontainii an averan" of 45 percent 
deavelandito, 40 percent perthite, and lU percent fine- 
grained grsaiudi muscovite. Other minemls include 
qnartz. Wr>cky p1agiocla.se. nnd minor quanfitips of 
garnet and sultides. The perthite is corroiled and 
veined lifjr cleavelandite. The most noticeable differ- 
ence in composition between pegmatite of this unit and 
ni the zones is the markedly lower quartjs content of 
the teplsoement unit. 

Southwest of the rond, this unit is very irrepidar. and 
seems to Iw later than the pegmatite of the adjacent 
fr a ciiw s filling. A fvw perthite dysteils in the frac- 
ture filling have ixH^n romplotcly rp[)lape4 by cleavp 

landite; others are rimmed by cleavelandite. The 
oompoeition here is shout 60 pwoenk deaTdaaditflii 90 
p«RMife peKlOute, snd U petMnt fine-grainsd gssenlsh 
mnaoovite. 



Eiconomic po-vsibilitios ftt the Vfttohnr prospect depend 
on the siise of tlie core, wliicJi contains most of tlie eco- 
nomically important minerals. If it extends moet of 
tho length of the pegmatite, as shown on plate 6, section 
A-A% the resources of these minerals would be suffi- 
ciently great to warrant future operations. 

Beryl forms 0.^ percent of the core, as determined 
by mineral measurements. The l>cvyl content of the 
wall and border zones is 0.01 percent. About 75 per- 
cent of the ber}'l in the core could be recovered by hand 
cobbing. Virtually no beryl could be recovered from 
the wall and border zones. The beryl is light green 
in the outer units and vecy pale green to wiute in the 
oore^ 

Theaveru;^ I irhito cont ont of the core is 45 percent, 
although the fracture fillings may contain only 20 to 30 
percent. Although recovery of potato feldspar by 
liand cobbing might be a marginal operation, milling 
of the entire pegmatite to yield a combined product of 
perthite and plagioclase might be an economically 
fironilsing niL'tliDil of ret^ove-ry. Biotite and garnet, 
although most abundant in the wall zone^ are also 
present in other pegmatite units, and would be the ms jor 

rontaniinnrit.'; of a feldsj)ar prLKluct. The average feld- 
spar content of the entire pegmatite, including both 
perthite and albite, is ahont DO percent. 

No sheet mica wu.s .^pen in tlie Vatchor pegmatite, but 
muscovite of scrap quality could be recovered by mill- 
ing, especially from the replacement unit A hm 
ma.<^=;p.s of rolumhite as much as 2 inches across occur in 
the core, but the estimated content is less than 0.001 per- 
cent of the richest exposniv of this unit. 

KAYIIOND DISTRICT 

Tlie group of pegnmtitee, called the Raymond peg- 
matite district in this report (fig. 3) are in the south- 
west comer of the Raymond region, Rockingham 
County. The district is alwnt 1.25 miles long and 1 
mile wide. All but one of the pegmatites investigated 
are in the town of Raymond altliougli thn area mapped 
ext«nds southward into the town of Chester. Three- 
quarters of the district it in the southwest comer of 
the Mount Pawtuckaway qnndifuigle, and one quarter 
is in the northwest comer of the Hampstead quadran- 
gle. The Raymond Road, mostly graTsled but putly 
paved, is near tho north edge of the area mapped ; a 
graveled road parallel to the Raymond Road but about 
1 mile south of it forms the southern boundary. Two 
abandoned dirt roads are the approximate east and 
west boundaries; the one on the west is passable in 
diy weather, but nsailjr half tho length of the one on 
the east side is ovftgrowa and impaasahle. Mine-seeess 
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roMb extend eoutlnntTd {rom the Beymond Botd to 

mines and prospects that liave been operated recently. 

The pegmatites of the Kaymond diataact have been 
knofwn for many years, and 8 lew waaXL prospect pits 
had hem opened before 1942. When furtlicr fruitless 
prospecting was done in search of sheet mica-boaring 
pegmatites daring World War II, the possibility of 
jjroducini; feltLsijar from these pegmatites was riro^- 
uized. The Whit«hall Co^ Ixtc^ thtougb its office in 
Keene, K. H., begun operations in the axea during the 



crushed feldspar was separated from waste rock on ynck- 

ing belts. Mining activity in the Raymond district 
ended in September 1946, but the mill contintied to op- 
erate imtil early 1948 using ore from the HcGall mine, 

uljout 2 miles northeast of the Chandler. 

Detailed mapping was done in Jtme Jviy, and Au- 
gust 1948 by the senior fttithor •mt'h the asslatanoe of 

L. F. Dellwig. Tlio lars^er mines and pefnnatitcii were 
sttidied at different times bet ween September 1948 and 
July 1949. Frederick Stugard, Jr., assisted in the woric 
war, and an e.xtensivt' prospect In<^ proirr.im was cju i u'd for 1 week in .Sepienilx^r 1948, and L. F. Dtdlwig and 

P. K. Brown, Jr., assisted in 1949. Mapping was done 
by paee and compass, and almost evei^ outcrop withm 
(he Eaymnnd district was visited. The so\itli western 
part shown on the topograpliic map of the Mount Paw- 
tackaway quadrangle was enlarged to a seals of 1 : 12,000 



out after tlie war in search of commercial deposits of 
potaaac feldspar. Ovwbuiden was stripped from ser^- 

eral j)o<,inrititos, and small prospect pits were ofx-ned. 
Most of the work was done at 4 mines (Chandler, Smitlt 
No. 1, Welch, and Blake mines) and at 2 prospects 
(Smith Xo, ?>, and Hurley prospcct.s). \ small mill 
was establislicd at the Chandler mine, and the coarsely 
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The geologj' of the Mount Pawtuckaway qnndranple 
has been mapped and studied by Jacob Freedman 
(1950), who kindly permitted the use of hia geologic 
map before publication. The following brief summary 
of the general geology of the Mount Pawiuckaway 
quadrangle in the vicinity of the Raymond district is 
modified from his work. The disttitt is unilL-rlain by 
metamorphic rocks of the Litileion formation (Lower 
Devonian). These are metamoiphoBed sedimentary 
rocks, (-on^-istiii^' liii i,'( ly of raica-quartz schists coTitain- 
ing&uiiie tiillimuiutf, with interbedded impure quartzite 
•ad lime-silicate rocks. Tlie quartzit« and lirae-silicato 
rocks probnWv rnnstitute le?s than 10 pfrcf-nt of tho 
formatt'iii md are commonly in l/cds less tlmn 1 foot 
thick. Foliation snd bedding in the Bchists arc about 
parallel. The Bvt»ra<rn strike is X. 55^ 10., purnllfl to 
the regional trend of the formatioii, and the dip ia com- 
monly almost vertical. 

The south ct'iitrnl part of (lie district, in the Hamp- 
stcad quadruiigle, is uaderlain by a fine- to medium- 
grained, strongly foliated gnnitic rock unlike any seen 
in tlie Mount Pawtuckaway quadrangle. This gneissic 
granite consists of feldspar, quartz, and mascovite. 
Potassic feldspar is almost twice as abundant as plagio- 
clase (Ann), and together they constitute about 50 per- 
cent of the rock. About 30 percent of the rock is quartz, 
20 percent is muscovite, and biodto 18 a minor accessoi^ 
mineral. Quartz commonly occurs as flat platos, and 
these, together with flakes of muscovite and biotite, yive 
the rock its foliatioD. 

The schists scrm to wrnp around the nortlieast end 
of the granite body. The strike of bedding in the schists 
ranges from the regional trend, V. ftS* Ew, through nottli 
to almost west parallel to the contnct betwrn thp prnn- 
ite and the schist. In detail, this contact not concord- 
ant to Ix-ddiiif.', ill id apophyses of the granite extend 
into the schists. Foliation in the granito is parallel to 
the regional stnli«, but the dip is consistently 50" to 
SO SW., in contrast to the steeper dip of the sdiiet. 

The locntion of 'iT peanut ile exposures or proups of 
exposures in the l^ymond district are shown in figure 

where they arc identified by nnmbor. Most ue in 
the east haU of the ana, where outerops are most 
abundant. 

The pegmatites are exposed along their etrike from 
2 to 1,900 fef-t, and are from a few incliP:^ to as niucli 
as 2.50 feet thick (tabic i) . Many of the larger pegma- 
tites are dieootdant to bedding in the wallKxic, although 
a few are concordant or nearly so. 

Most of the pegmatites are lenticular, tabular, or 
pipdike, but eereral are io irregalar that thej cannot 
be diflflified under any of theaa tenna. The lenticular 



and tabular bodies are both concordant and discordant 
to the structure of the wallrock. Many of the lenticular 
bodies are so long and thin that tliey approach a tabular 
form. Thb only pegmatite consisting of a series of 
interconnected lenses is tlie one at the Smith Na 3 
prosi>ect (pi. 10). Apophyses of this pegmatite are 
good examples of the tabular sliape; one apophysis 
extends more than 500 feet northeastward parailel to 
bedding, and has a nearly constant thiidinsiii for this 
entire distance. Tlie Chandler pegmatite (pi. 7) is 
the best example of a pipelike body. 

Nearly haUF of the pegmatites in the Raymond die> 
trict are com onlant to foliation of the enclosing wall- 
rook. All the pegmatites in the gneissic granite are 
concordant; the average strike Is 95* E., and the 
dip 50° NW. The averajje strike of coiicordant jieg- 
matitea in schist is N. and the average dtp 

steeply northwestward, "nie diaoordsnt pegmatites 
commonly strike X. 40° to 00° W., and dip steeply 
nortlieastward. In the east-central part of the area, 
pegmatites of nmihur strike are generally concordant 
to bedding tliat u nips around the northeast end of tlie 
gneissic granite body. Pegmatite Xoe. 37, 88, 39, and 
40 are concordant, northwertward-striking bodies. 
They dip at angles rantrinp; from 10* (o TO" NE. 

Tlie pegmatites contain vaiyiog proporLlons of 
plagioclase, pcrthite, quartz, mnsoorite, and aooeasoiy 
minerals .such as liiotit<>, black tourmaline, ^'urnet, beryl, 
columbite, spodumono, lepidolite, loliingite, sulfides, 
and phosphates. Differanoes in the proportions of the 
major constituent minerals and ditTerences in texture 
permit zones to he distinguished in 38 of the pegma- 
tites. TaUe 3 gives the sequence of minsnl assem- 
blages inward firam the oontaet in eadi of the nned 
pegmatites. 

Forty-nine pegmatites are not known to be zoned. 

In most of tliesetheexposuivs aiv iiiade<iuate for recog- 
nition of zones. About half of tliese pegmatites con- 
sist of Tsrying proportions of plagioclase, quartz, and 
perthite, and in niosr, pla;^'io,-'la* is more abundant tlian 
porthite. Fracture-controlled units were noted in 
eight pegmatites. Tliese generally consisted of quartz, 
muscovite, [xu-thite, and plagioclase fcotnmonly cleave- 
landito). In three pegmatites, those units are zoned. 
Beryl fram pegmatites in the Raymond district could 

Ix? a nuijor byproduct of feldsiiar niillinp if special 
equipment were installed to permit its recovery. Most 
of the crystals are too small forhand-oobbing, althou^ 
a few tons of bcrj'l could be recovered in this way from 
the core of the Chandler and a few oflier pegmatites. 
Very fine grained bcryi was observed in pegmatite 74, 
and other psgmatites may contam crystals of equal or 
even auMllersiae that h«TB been overlooked. Thisveiy 
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) In paphtc !Cnuillo. > In apllle. 

fine grained beryl would be i-ecovcrablc only if a mill- 
iDg method wm d«velopecl. Tli» oatnfporition of the 

ber}-! ranjres from uhoiit ll.fi to 13.5 percent BeO and 
averages about 13.0 percent. In 50 pegmatites in the 
Haymond district, beryl was noted in a total of 56 
zont'-; ntul ill hotiip it wiif? prpspiit t!iron<iliou( tlie entire 
pegiriiuite. Tilt' distribution of beryl-containing units 
as follows: Wall zone, 15; intennediate zone, 4; core, 
6; fracture-controlled bodies, ?>\ entire p<>pmatite, 28. 

Potassic feldspar was the major product recovered 
daring recent mining activity in the Raymond distriflt 
and it would he. the major prochiof of iiny future openi- 
tions under the 1917-50 deniniid for pegmatite minerals. 
Perthite is an essential mineral of every large {>egina- 
(ite in tlie area. It,s grain size, however, is ordinarily 
loo sinuli to j>ennit ri'covery by hand-cobbing methodss, 
A few pegmatites t^oattered throughout the area contain 
co a tS B - g rained, perthite-rich units, but moat of these 



uiiiCd are so small that they could be mined only by 
removing large tonnages of finer grained pegmatite in 

the adjacent unit.s. Resources in any one of these units 
are at most oidy a few iiundred tons of potASsic 
feldspar. 

IJenefiriation methods iii wliicl\ potassic and sodic 
feldspar are reco%'ered by Hotution or other means seem 
to be the only solution for future prodnctkn. The dis- 
trict is at an economic disadvantage compared with 
others in ^I'ew Ilamjjslure becau.so of the small average 
size of the individual pegmatites and I lie lai k of a 
re.sident supply of labor witii a kii<nv!f ilr^e of mining. 
It is favored, however, by tiio fairly uniform average 
composition of the iiegmatibes, the high feldspar con- 
tent, and t!ie pnnil] utnl uniform content of iron-bearing 
accessory ininerals wliicii are especially liannlul in any 
feldspar product. The establishment of a mill that 
is ea^y acoessible f ram all parts vt the ana, the usa 
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oi nuniiig «q[iii|)iD«nt that could be moved easily from 
one locfttion to another as individual deposits were 
mined out, und the use of equipment and raethodK thiit 
would penult low-coet mining of large tonnages of rock 
all would be neeeseary to insure economic recovery of 
feldspar. 

Sodic f eld^ar could be recovered only through mil- 
ling metliodB, which would yield a product combined 
with potassic feldspar. Tlie grain size of the plagio- 
daae is too small to permit its recovery by band-oob- 
bing, and only a email recovery could be obtained by 
the use of crushing plants and picldng belts. 

The possibility of reeovering muacovite of sheet 
quality from pegmatites of the Raymond district is 
very poor. No pegmatite units were seen that would 
support mining operations solely for sheet mica under 
pfioes sbniiar to those in 19^-46. Cmds ndca hooks 
jidding small sheets ana present at a few plsoosi but 



in oniy one pegmatite (the Blake, pegmatite S6) is 
there a sufficient concentration to permit economic re- 
covery. Scrap mica can bo recovered at 1 or 2 places 
by hand^eobbing, but most of the muscovite in the 
pegmatites is too small to be recovered e.\cept throu^ 
milling methods. Musoovitc occurs in almost every 
pegmatite, and the average content probably ranges 
frmn 2 to 5 peiroenL Its recovery as a byprodnet of 
feldspar miUmg offets the heat peasihility for futnio 
production. 

Columbite is most abundant in the core of the Chan- 
dler pegmatite wliere moat of it can be recovered by 
liand-cobbing. In other pegmatites, it is a minor ac- 
cessory mineral and only a few small plates can he seen. 
Recovery during feldspar milHng coold be made by 
simple gravity methods. 

Hie Chandler pegmatite also oontains spodnmene 
and le|ddolite in the cor^ and qwdnoiene in what ia 
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probably an inner intermediate zotir. Much of <h6 
spodumeme has been altered to muscovite, and present 
ezpoaureB do not indicate sdBeioit resoutow to warrant 
its recovery. Lepidolite resu^urces in the core are also 
very smalL Other pegmatites in the area may contain 
liddum nunenl^ but none have been obeerved. 

neiulm i 

Pegmatite 1 is poorly exposed and crops out in an 
nrpa 75 feot widi* anrl 400 fwt lonfr. Tins l)ody strikes 
east and dips 70*^ S. at thn one place whei-e a contact is 
exposed, and it ia generally coiicordiint. It is unzoned 
fine- to medinm gr;iin^<l plagioclase-quartz-perthite 
pt>^,aimtite. Beryl (12.t> percent BeO) is a minor ac- 
cessory mineral. Possible pfododa are milling^'grBde 
feldspar and acrap mica. 

Pegmatite 2, also poorly exposed, crops out in an area 
ISB bjr 400 fM. Two small proepect pits were op«ted 
for feldspar near the contacts by the Whitehall Com- 
pany, Inc. The pegmatite strikes N. 65° Wn dipt 45* 
SW^ and is dieeordant. It has at least two wmee: a 
wall zone of plnpioclnso f An,i) -qiiartz-tmts^jovite pep- 
matito and a core of medium-grained perthite-quartz- 
plagiodase pcgmaMte. A small unit in the north pit* 
apparently not a zono, consists of medium-grained 
deavelandite (An,), muscovite, and quartz; it contains 
as maA as SO peioent maaoovita of sorap quality. 
Grrrn tonrmnlinp is associated with deavelandite ; 
"watermelon" tourmaline also has betti reported tram. 
diiB pcgiMttte. Poflrible prododa are ndllinipiFrade 
feldspar and scrap miea. 

nOXATITS s 

Pegmatite 3 is represented by several small ezposores 
in an area that extends N. 50° W. for 200 feet; some 
may be boulders. Tlie rock is unzoned fine- to medium- 
grained plagio(daae-quartz-pert>iite ppgmatite. Pos- 
sible products are millin^^radc feldspar and scrap 
iniea> 

PEOMATITE « 

- it tc 4 is a poorly exposed, very irregular, dis- 
I I I J pgraatito that crops out in an area 50 by 80 
feet. The strike is variable, averaginir iiortli, fliid the 
dip is 55" E. to vertical. Tiie zoning consiit^ of a thin 
bonier zone of very fine gfainiHl plagioclase (Anio)- 
quartz pegmatite, a wnll zone from 3 to 25 feet thick 
of fine- to medium -grained plogioclase ( An,) -quarta- 
peirthito pegmatite, and a core of medium- to coarse- 
grained perthite-quartz-plagioclase pegmatite. The 
beryl in the border zone, seen only under a microscope, 
contains 12.95 percent BeO: K 1 i i the wall MDe con- 
tains 18.2 to 13.4 percent BeO. Mineral msasnrements 



indicate that the waU zone "'mtriin; 0.06 peiwnt betyL 
Possible products are hand-cobbed perthite from tiba 
oore^ and £ddst«t and serap mica of milling grade. 

Pegmatite 5 Is discordant, poorly exposed, and from 

1^4 to 5 fwt thick ; it is at least 1 15 feet lonp, and strikes 
N. 70- W. and dips 85° SW. It consists of a wall zone 
of medium-grained quart^-plagioclase-muscovite peg- 
matite and a core of nicdiuiu-graiiied jXTtliilc-quartx- 
plagioclase pegmatite; the plagioclase of the wall zone 
is of slightly different composition on the bangil^WAlI 
(An,) and footwall (An,.,) sides of the pegmatite. 
Beryl is a minor accessory mineral in the wall zone. 

FSgmatile 6, an irregular body, ia expoeed in an 

area 2 by 35 feet. It ia a discordant intrusive mass 
that trends N. 20° W. and dips 70° W. It consists of 
fine- to medium-grained perthite-musoovita^atts 

po^atito that contains small mossea of VSiy fino 
grained plagiocla^ (An,l and qiiart?!. 

PEOMATITE 7, CHAKOLEH MIKE 

The Chandler feldspar mine is 2.9 lud^ S. 52° W. of 
the TiDageof Baymond, near tbe north edge of the Hay- 
mond pegmatite district. It was opened in 1946 by 
tiie "ttliitehall Co., Inc., and was operated by them until 
September 1948. A small crushing plant was built 
northwest of the mine workings, and the crushed prod- 
uct was passed over pickuig belts on which feldspar and 
wast© rock were separated. After the closing of the 
Cliandler mine, the plant was operated on material 
from the McMullen prospect and the McQall mine antn 
the company suspended operations in the Baymond 
rp<rion in early 1949. 

Tlie mine was studied by J. C. Olson and J. W. Adams 
(written communication, 1948) of the Geological Survey 
in October 1947 and May 194S, respectively, and part 
of the following description is bsssd on tiieir 
inTortigation. 

Tl>e workings consist of an irregular opencut The 
earliest development was a cut 100 feet long, 70 feet 
wide, and as much as 30 feet deep, which was driven 
northeastward into a steep hillside. lAter wwk ex- 
tended this cut southeastward for about ISO feet from 
the southwest end of the earlier working. It is about 
50 ftet wide and 20 feet deep and is nearly filled with 
water. 

The pegmatite is irregularly fan shaped (pi. 7) 
causing the width of exposure to range froin 50 feet at 
the south end to 180 feet at the north end; the north- 
sontb dimension is about 180 feet. The pegmatite is 
an irregular pipeUke body that probably plunges 65* 
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to 60*> W. The contact with nuca^utvCB schist is com- 
monly discordant, and wide variations in strike and 
dip were recorded. Several thin schist septa between 
pegmatito lobes were partly responsible for discon- 
tkming northMatwuNl develcifniuiiit ol tli« earlier cot 
into the hillside. 

A dike of fine-grained mafic rock cutting the peg- 
matite is exposed in the floor and walls of the pit. It 
strikes N. 60" W., dips 35" NE., and is as much as 12 
fMthide. This nek weathers much more rapidly than 
the pegmatite or schist, and a depression has been 
formed along the strike of the dike. During excava- 
tifln of tfae knvw pit, 10 to IS feet of Mnd tad gnml 
were removed from this depression. 

Seven internal stmctural units have been dis- 
tingoiriMd in the Clmndler pegmatite, but only four 
are shown in plate 7. The border zone is too thin to 
map, and two intermediate zones have been mined out. 
Thu border zone is very fine grained quartz-muscovite- 
plftgioclase pegmatite. It is a cUfloontinuoiis zone^ 
rarely more than 1 inch thick. 

Tlie wall zone consists of medium- to coarse-grained 
perthite-plagiodaae-qoarts pegmatite with accessory 
<deaTelandite and mtiscovite and small qoantltes of black 
Couimaline, beryl, apatite, garnet, and columbite. Thfl 
composition varies but the average is 46 percent p«r- 
thite, 30 percent plagiodaae^ 20 percent quartz, and 5 
percent accessory minerals. Plagioclase is most abun 
dant within a few &et of tiie wallxock. Blocky plagio- 
dasB is predorolnnnt near the outer eontaet and 
cleavelandite pni'ilominates in tlip inner jjurt of llie zone. 
Irr^ular bodies of coarse-grained quartx and graphic 
granite form mtieh of this nme. Small maaace of 

altered spodiiiuene, altered black tourmaline, and 
lepidoUte may have b^ introduced after consolidation 
of tlie wan cone. The roogUy tabular diape of some 
of the lepidolito ripprpfrates and their crosscutting I'e- 
lations to sporadic large perihite crystals indicate that 
they formed along fraeCnree. The wall sone^ at least 
80 feet thick, forms most of tlio exposures at the mine. 

The first intermediate zone is a diacontinuoua unit 
of medium-grauied mttBoorite-oleaTelandito^iiartz 
pegmatite that is exposed only in (lie southwestern part 
of the lower opencut. The chief accessory minerals 
are plagioclaae and beryl, but there also am minor 
black tourmaline and apatite. Tlie averajie c<)in[)03ition 
is 45 percent muscovite, 30 percent cleavelandite, 15 
percent quartz, and 10 percent aeoeasory mmerals. The 
zone is about 5 feet thick. 

The second intertnediate ^one consists of tine- to 
medium-grained quartz-cleavelandite-musoovite peg- 
matite with minor aooeMoty faaiy], plagiodaae, and 
blade tounnalineii The avvrnga comporition ii prob- 



ably 60 percent quartz, 2( j i > t nt cleavelandite, and 
15 percent mnp<wite. Cleavelandite is interstitial to 
the coarser grained quarts. Muscovite occurs as flakes, 
small flat books, and as soiaU hemispherical books. 
The zone is a discontinuous unit with a mazimiiin 
exposed thickness of 30 feet. 

J. W. Adams (written communication, 1947) noted 
a ooarse-grainod microcline-rich unit on the northwest 
and southeast sides of the core in the lower opencut. 
This unit, tl>e third(?) intermediate zone, was mined 
out by July 1948. It reportedly consisted mainly of 
blocky cream-colored microcline. The extent of Uus 
unit and its enot posttion in the sons! ssqwnos sua 
unknown. 

The fourth( ?) intermediate zone, also niiued out, 
is medium-graine<i qmutz-spotlumene-muscovite p€|g- 
matite reeojrnizable only from blocks on the dump. 
In compositiou it seems to be a transitional unit be- 
tween tlie second intermediate zone and the core. The 
average composition of blocks is 45 percent quartz, 
35 percent spodumene and its alteration products, and 
2t) percent muscovite. About half of the spodumene 
has been altered to a silvery mosoonte, and crystals in 
all stages of alteration have been found. The extant 
and position <A this unit in the zonal ee)|neiice are 
unknown. 

The core is coarse-grained, quartz-beryl-spodumene 
pegmatite. Tti? average composition, as determined 
from iiiineral niensnrcments, is 80 percent quartz, 10 
percent anliedral pink beryl, 5 percent altered spodu- 
mene, 3 jiereent lepidolite, 1.5 percent phosphates, and 
0.5 percent columbite. The core is exposed for 50 
feet along the southwest wall of the lower opencut. 
Beryl is most abundant in the central and higher parts 
of the core, and altered spodumene is mostly in the 
outer and lower parts. Lepidolite is most oommon 
at the edge of the beryl-rich part of the core. 

Beryl is present in each of the pegmatite units shown 
on plate 7. Mineral measurements indicate that the 
grade of the wall zone is 0.8.') |)eroent. The composi- 
tion of this beryl ranges from 12.6 to 18.0 percent 
BoO, and most of the specimens are near the hi^^ier 
end of the raagSk It is light green to white and ii too 
small to be recovered by hand-cobbing. 

Beryl occurs in largo ci-ystals in the first and second 
intermediate zones. Much of the beryl is in skeletal 
crystals with roughly concentric layers of light-yellow- 
^en beryl, quartz, and cleavelandite parallel to the 
] 4al outlines. Although about 50 percent of the 
Ijei-yl could be recovered by hand cobbing, the BeO 
content of the concentrate would be reduced by the 
impurities in the ahdls. The average content of beiyl 
in these zones is 0.02 percent, hot the grade rangas firam 
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10 percent in cerhihi ■aw.xs of the first iutcnnrdiale 
zone to 0.5 percent in the second intermediate zone. 
The mTeragiB BeO content is about HJi peroeatt, aome- 
what lower than that of beryl from the wall zone. 

The richeet becyl reserves are iu the core. Mineral 
measnnunente ebow that the ^racle s 9.6 percent, neariy 
all of whicli rould be recovered by hand-cobbing. 
Pink anhedral masses of beryl, as much as 11 by 18 
incftiea m sue, are earromided 1^ quarts. The BeO 
content of this borj l is lower than that in the wiill or 
intermediate zones, ranging from ISJ to 12.5 percent, 
thus indicating an increase in (he alkali content from 
sone to zone toward the center of the pegmatite. 

Reserves of potassic feldspar at the Chandler mine 
are only in the wall zone. Although most of the pro- 
durtion of hand-cobbed feldspar wjis from the micro- 
oline-rich inteimediate unit, this unit was completely 
mined out, and drare are no indications that similar 
material is at deptli. Pcrthife wns recovered from the 
wall zone by the use of crusliors and picking belts for 
several months prior to September 1948 when tlw mine 
was closed. The aveinfre pcrthife content of the wull- 
zone pegmatite is 45 percent, but a satisfactory recovery 
could be made only by milling and benefldation. 

Sodic feldspar resources are largest in the ' ill ? no, 
but smaller tonnages could be recovered from pegma- 
tite of tlie first and seomd intermediate zones which 
contain .30 j>ercoiil and 26 percent cleavelandito, respec- 
tively. The grain size of the sodic feldspar in these 
units is so small ^seldom greater than S indies in dia- 
meter) thai tliese resources conld be recovered only by 
milling in conjunction with the recovery of potassic 
feldspar. 

Mus< ovite of scrap quiility is most al.mndunt in the 
first intermediate zone, where the average content is 
4S peroent. About 75 percent of diis ooold be recov- 
ered by hand-cobbint:. An cn^casional book might yield 
a snull quantity of sheet mica, but recovery would be 
limited to a few pomids from esch ton of crude mica. 
The greenish-nim muscovife in this unit is soft, badly 
cracked, and contains many mineral inclusions. The 
second intermediate zone contains 15 percent mosoonta, 
and the wall zone confnins about 2 percent; scrap mica 
could be recovered from these only by milling. 

Colundnt* oocnra in the oora, where nuneral meas- 
urenients indicate the aTsngs content is O.fiS percent. 
The irregular ma.^es are as much as 3 by 5 inches, 
and most could be recovered by hand-cobbing. Small 
plates of cdiumhits occur with beryl in the w ill zone 
but could be recovered only by milling; the grade is 
estimated to be leas than 0.001 percent. 

S[Kidninflne occurred in thn foarth intennM&te «oo^ 
which is now minsd oiit{ tiie onlj spodnmena remain- 



ing is in the greatly iiKered crystals forming iihout 5 
percent of tlie coi-e. These are as much as 2 feet lou^ 
8 inches wide, and A inches thick. Oolor ranges from 
white to lilac to olive green. 

Lepidolite occurs in very fine grained irregular ag- 
gregates that are purple, gray, or green. Itconstitutas 
3 i^rcent of the core, about half of whidl OOUld be 
recovered by hand-cobbinfr. 

FEOMATITE > 

Pegmatite 8 is a discordant, 8- to Id-inch-thidc body 
that is exposed for only 5 feet. It strikes V. 60^ W. and 

di]>s SO® NE. It is a quartz-nuisfovite-ljeryl pej^matite 
containing accessor^' plagioclase. Hie beryl contains 
percent BeO. 

PEOKATrrES ( AMD U, BMITH NO 1 MIIi£ 

The Smith Now 1 feldspar mine (pi. 8} is 2.i)o miles 
S. 47* W. of the Tillage of Baymond. The pegmatite 

was prospected by Cyrus G. Smith of Rnymond in 1042, 
but the major operations for feldspar were begun by 
the Whitehall Co, Inc., m 1946 and oontinned hato 1947. 

Tile main opencut in pegmatite 10 is 120 feet lonjr, as 
much as 40 feet wide, uid probably about 40 feet deep. 
A small prospect pit 50 feet souAwest of the main 
oiH^ni iif is 2(1 fee( lonr', 10 feet wide, and ri feet deep. 
At the southwest end of the peg^natite, an opencut has 
been driTen 60 feet nottheastward ; it is 90 feet wide end 
as much ns 10 feet deep. This was (o have Ix^cn devel- 
oped into an incline extending to the bottom of the 
main oat, but was not oompleted. An opencut 90 feet 
wide, 25 feet long, and 10 feet deeji, and a small pros{>cct 
pit were opened iu pegmatite 9,;200 feet west of the main 
cab 

Pegmatite H is at least 100 fc<-i long and from 10 to at 
least 60 feet wide. The contact is exposed at only two 
phuses, where the strike is N*. 5^ W. and N. 40* E. How- 
ever, the penernl trend of the exposui-es is almost east, 
disooi-dant to the walli-ock. The dip is 65° to 60° W. 
and ^e plwig» of a roll on the contact is 40* K. SO* W. 
Ti l h pegmatite has no known oonnsetion wiUi pegme- 
tito 10. 

Pegmatite 10, the mmn pegmatite, is 270 feet Icag 

and as much as 50 feet thick. It pinches out in tlio 
soutliwest opencut and apparently also pinches out a 
few feet beyond the northeastemmost exposure. It is 
concordant and strilrcs \. 40' E. The dip was meas- 
ured as 55° SE. at the southwest end, and 75° KW. 
along the n<nihwe8t wall of the opencut, and it con- 
tinues to steepen to the north. The a verape d i p is pmh- 
ably about 75° KW. The plunge of the pegmatite 
probably is to the northeast, paraUet to a mil in Qis 
oontaot that plunges 6ft* K.2fi*B. The bottom, or ktd. 
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of the pegmatite lens is exposed in the southwest open- 
cut. The outcrop northeast of the main cut has one 
large .s-li ist septum tbat eztoiub nearly aoroas the peg- 
matite; this may be a roof peodamt near the crest of 
the lens. 

A lanlt of small but unknown displacement is ezpoeed 

alonjr fho soutlipast wall of tlio iiniin opencut and 
coulinues as fiir as the southwest end of the pegmulite. 

BatrikMK. 40° £., dips 79* SE. 

Six zones have been mapped, and there may be addi- 
tional unexposed units. The sequence of the exposed 
units in the p^matite is obscure because the nlatiMU 
were not distinguishable when they were mapped. Hie 
only evidence of fracture-controlled replacement units 
IB Ae presence on the dump of specimens showuig very 
fine grained lepidolite aggregates eiimlar to those at 
the Chandler mine. The border zone consists of very 
fine grained quarlz-muscovite-plagioclase pegmatite. 
It is commonly less than one-half inch thick, therefore 
it is not shown on plate 8. 

The wall zone is fuie- to medium-grained plugioclase- 
quarts-perthite-muscovite pegmatite. The. average 
OOmposition is 45 percent plagioclase, 35 jh k i-jii quartz, 
10 percent pcrtliite, and 10 percent muscovite. Black 
toonnaline, garnet, apatite, and beryl are minor arcr^- 
sory minerals. It is a discontinuous unit expo^ on ly 
along the southeast contact of the main pegmatite, 
where it is as much as 4 teat thick. 

The fint intermediate zone consists of meditun* to 
coarse-grained perthite-quartz-plogioclase pegmatite. 
The average composition is 50 ]mm < ont pertbite, 25 per- 
cent quarts, end 25 pereent pla^'ioclaae. Black tour* 
m&line, garnet, apatite, aii<l muKovite art- ar< i-.ssory 
minerals. Perthite crystal as large as 1 by 2 feet are 
separated by a medium-gntmed matrix of quarts and 
plaKioclaso. Tliis unit is expo-^f'il onTv at tlie ends of 
p^;matite 10, and it is the only mappable unit in peg- 
matite 9. 

A mediuni-praincMl unit of plagioclase quaHz pt'rthite 
pegmatite, probably the second intermediate zone, is 
exposed along the northwest wait of the large openent 
aiul extends for a short diKtance southwest of the cuf. 
The average composition is 40 percent plagiodase, 3& 
pereent quartz, and 2ft pereent perthite. Muaoorite is 

an accpssorv mineral, and jrariiet and a;>atite are minor 
accessory minerals. In most exposures, the unit is in 
contact with the waDrock. 

Medium-grained pTagiocIasc-quartz nniF< ovlte y>( <r 
xnatite, probably the third intermediate zone, is exposed 
in the northwest wall of the opencut, where it is 8 to 4 
feet thick. Tlie averap«* fonipositioM is HO percent 
plagiodase, 35 percent quartz, and 5 percent muacovite. 
Gamefe end apatite are nunor e c c e s o oiy tbinenls. 

snuf-es — s 



A unit that seems to be the fourth intennediate zone 
in the sequence consists of medium- to coarse-grained 
qDatta-perthite-biotitemuseoTite pegmatitei The av* 

erage composition is 50 percent quartz, 30 percent per- 
thite, 10 percent biotite, and 10 percent nuihcuvite. 
Black tourmaline is an a c ce ns oiry mineral and garnet 
and oolnmhifp are minor accessory minerals. This 
unit is exposed only at the ends and souUieiist side of 
the main i i it, although it is reported by the oper- 
ator to have formed a IioikI o\er the perthite-qnarts 
pegmatite of the core. Tlie liuod extended somewhat 
farther downdip on the southeast side than on the 
northwest side of the core. On the southeast wall it is 
between the core and tlie wall zone, but its relative 
position to other units on. the northwest wall is 

unknown. 

Tlio core is coarse-prained quartz-perthite pegmatite. 
Most e.\po8iires were inacoeasible, but the average com- 
position seemed ro Ih^ nbont 65 perront jiei-thite and 
35 percent quartz. Muhcovito, plugioclase, and tiny 
flakes of autunite and torbemite are aocesBOiy minerals. 
Columbite and beiyl may have been racorered from 
this unit. 

Tlie only visible beryl IS in tlie wall and horder zones; 
the grade of the entire pegmatite, is probably le.ss than 
0.002 percent. Most of the production was probal>ly 
from the core, where the percentage recovered by hand- 
cobbing must have been hifrh, as indicated l>y the sb- 
seiice of frugiueiiLs or &inall crystals on tlie dumps. 

The major source of potassic feldspar at the Smith 
No. 1 mine has lK»en jiorthite from the rore, where 
recovery was by hanil-colibing. Most exposui-es of this 
unit are no longer accessible, but men who workc<l at 
the mine stutetl that ]M)ta.ssir feldspar wn? abundant 
iu the il(Hjr of the opencut. i'ci'tiute in the vicinity 
of the fault is stained by iron oxides, but, as plate 8, 
section A-A' shows, the fault dips sotithward out of 
the core. Small resources of pertliire are present in all 
other units except tlie third intermediate sone, but re- 
covery coiih'1 be only by millin^j. Tlie common impuri- 
ties are the iron-bearing minerals that are most abun- 
dsnt in the fourth btennedurte sone, which probably 
does not extend below the le\ el of tlie present workings. 

Sodic feldspar would be recovered with the potassic 
feldspar in any milling operation using present meth- 
ods of recovery. The intermediate and wall zones of 
pegmatites 9 and 10 have the largest resources, but none 
of these units contains hand-cobbable sodic feldspar. 

Ifnscovite, although present in all units, is abun- 
dant only in the vri\]] zone and tlie third and fourth 
intermediate zones. About one-half of the mica might 
be recovered by hand>ooibbing, but the remainder could 
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be obtained only by milling. The nraaoovite is aimcMt 
entirely of scrap quality. 

Small eiyitalfl of oolmnbite are scattered throughout 
quartz-rich portions of the biotite-lx'iirinp hood, iind 
larger crystals may have been recovered from the core. 
Hw gnda of the entira pegmatite is only » fraotioa of 
a pound per too. 

noKtnxs n 

Pegmatite 11, a concordant quartz rich pegmatite • 
feet thi< k, is exposed for 25 feet N. 80° E. along its 
Strike. It dips 80° X. to vertical. It oontains schist 
inclusions and scattered ssaall biotU» flakes whsie sshist 
has been fsworked. FsrQiite is a minoF aooeasoiy 
mineral. 

nsKisinii 

Pegmatite 12 is an irregular, generally disetndani 

pi'^jinfttite 100 feet lon^r aiul from 5 to 10 feet thick. 
It strikes from west to northwest and dips 75° to 80' 
S. to SW. The depoot eonnsts of a pooriy developed 
wall zone of fine- (o mofliTim-graiiicd qnnTtz-prrthife- 
plagioclase pegmatite surrounding a core of medium- 
grsJned peidute-quartz pegmatite (xnitaining some 
graphic granite. 

PEOKATITZ II 

Pegmatit'O 13 is exposed over an area of 15 by 60 
f eet^ and trends N. 70° W. It is a disoordant body coa- 
siFt in g of medium- to coarse-grained pegmatite contain- 
ing vittually no exposed quartz and less than 1 percent 
rnnsooritSi. Perthite is tlw predominant mineral. 
Oamet is a minor accessory mineral. Potassic feld- 
spar could be recovered by hand-cobbing. Further 
exploration sliould be done to detertninc the size of 
this pegmatite and tlie extent of the leldspar-rieh nnit. 

nOMATITC 14 

Pegmatite 14 is a small body that crops out in an 
area SO I7 40 f^ No contacts were visible, but the 
ontcn^ trends N. 50° W. and seems to be discordant. 
A small prospect pit for feldspar is 5 by 15 fe©L The 
pegmatite has a wall zone of fine- to medium-grained 
plafri<x lase-quartz-perthite pegmatite and a core of 
medium- to coarse-grained pex-thite-quai-tz (x^gmatite. 
Possible products are milling-grade feldspar and a 
small quantity of polaane fsldqiar recoverable by 
hand-cobbing. 

fflSMASm n 

Pegmatite 18 is exposed in an outcrop as mnch as SO 

feet wide siul 12". f.ft long, and trends N. 65° W. No 
contacts are visible, but it seems to be discordant. It 
is an imioiied fine- to medinm-gnuned ^uarts-pentliite- 
plsgtodase pegmatite with socessoiy musoovita Pos- 



sihin prodneto are millinff-gnde fMbpn and scrap 

mica. 

nsiuim le 

Pegmatite 16 is poorly exposed in an area 50 by 350 
feet It appears to strike approKimata]^ irarthveeC, 
bnt the dip is unknown. It is a disoordant nnsorasd 
body consisting of iino- to medium-grained pIa|pocIaSB- 
quartz-perthite pegmatite containing accessory musco- 
vite, garnet, and bhick tourmaline. Pos»ble products 
are milling-gmda leUtspar and scrap mica. 

msKamt tt, •unma rasinoit 

The Guinea prospects are three small pits near the 
northwest end of a laiga discordant unzoned pegmatitei. 
Its msximnm expcsed lengA ia abont 1,100 feet, and 
its width is as much as 200 feet. It forks at the south- 
east end. The average strike is N. 80** W., but the dip 
is unknown. The body eonrisfai of fine- to medium- 
grained iiertViitc-quartz-plagioclasc pegmatite with 
muscovite and minor quantities of black tourmalinei 
garnet, biotite, beryl, and oolumbite. Two small beiyl 
crystals each contain 12.7 percent BeO. Most 
columbite plates are less than 1 inch across. Poasihle 
producto are milling-grads feldspar and seiap mica. 

nMtsansu 

Pegmatite 18 is espceed in the road bonnditig the 
east edge of the district. The lenjftli Is unknown and 
the width is 5 to 8 feet. It is probably concordant, 
striking about N. 40* E. and dipping almost vertically. 
Zones are poorly dfveloped, Tliey include a wall zone 
of line- to medium-grained plagioclase-pertbite-qoaits 
pegmatite, a thin intermediate zone of perthite-fpiartz 
pegmatite, and iiuariz pods representing: sepinentsof the 
core. A beryl crystal from the core contains 13.1 per* 
cent BeO. The beryl content of tlra entire pegmatite 
is 0.14 psroent, 

PEOMATITE IS 

Pegmatite 19 is a poorly exposed discordant pegma- 
Ut«i probably Isss than SO feet thick, that trends N. W 

W. for at least lf)0 feet. Tlie dip is unknown. Al- 
though poorly zoned, it contains a wall zone of fine- to 
msdtom-gratnsd plagioclase-perthite-qunrtz pegmatite 
andaooreof quartz-porthit«-plagioclase pegmatite. A 
fracture-controlled unit aLout 1 foot tliiok. striking y, 
TO* W., conlaitut <|Ufirtz and acces-sory muscovite. 
Ber> l (13.1 percent BeO) is a minor aeeeesoiy minenl 
in (lie rore and in ffie fractiire-fontrolled body. The 
beryl content of the entire pegmatite is 0.015 percent. 
Poaeible products are milling-grads feldspar and senp 
mioa. 
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Pegmatite 20 consists of three poorly exposed string- 
ers nuging from 6 inches to 4 feet in thifiknMW tliat 
crop out for less than 5 feet along thur atnlns;. Two 
strike N. 60° W. and the other strikes N. 60° E.; the 
dips are vertical. Tlie bodies consist of unzoned fine- 
grained plagioclase-quartz-perthite pegmatite. 



FEOXATITX tl 



Pegmatite 21, a concordant pegmatite 2 to 3 feet 
thick, is exposed for 15 feet along its strike, N. 70" £. 
It contains a wall zone of fine-grained plagiodase- 
quartz pegmatite and a core of fine- to medium-gnuned 
perUiit»4]iiait8-plagioela8e pegmMite, 



Pegmatite 22 b a concordant pegmatite IV^ feet thick 
and 20 feet long that strikes N. 60" E. It consists of 
a thin border zone of very fine grained quartz-mns- 
oorita-plafiodase pegmatite and a core of fine- to 
medinm-gTBined qoartc^perthite pegmatite. 



Pi^p;malif<? 23 is a cnrvwl, rliscordanf prpmafitp 66 
feet long and 20 feet wide. It strikes abont N. 70° W. ; 
but the dip is ankimwn. The pegmatite eoasists of a 
wall zono of fine- to medinm jrrained quarf z-plajn'x^lnse 
pegmatite and a core of medium-grained quartz-plagi- 
odase (Ani^)-miiiaoovite pegmatite. Pwthite is an ac- 
cessory mineral in hoth Tones, and muscovite is an ac- 
cessory mineral in the wall zone. Beiyl (13.0 percent 
BeO) and oolvnlnte ate minor aooesMny minerals in (he 
core. Tlieberylcontentof thecorpisOf?pfirrnnt. Pos- 
sible products are milling-grade feldspar and scrap 



PZOMATrrE M 

P^mntite 24, a Small, unzoned, discordant bodjr, is 
10 feet lorig and 3 feet thick. It strikes N. 80* £., snd 
the dip is vertical. It consists of plagioclase-quartz 
pegmatite, but also contains 16 percent of aplitic quartz - 
plagioclase (An«.ui) aggregates acBtfeerBd irregularly 
throag^mat tlM eKpoaors. 



Pegmatite 25 is represented by bl<H ks and outcnqpe 
in an arra IS.") feet Imi^' and as murii -.i-^ un foet on the 
crest and sides of a low ridge. No contacts were seen, 
Irat the trend of the ezposnves is N. 60* W., and Ihe 
pegmatite pro!>ji!)1y is discordant. Two imits are 
present: medium- to coarse-grained peilhite-quartz 
pegmaUte and fine- tomediom-gratnecl perUiite-qnaits- 
plagioehwe pegmatite oontaining small irregnlar i 



of Tery fine grained aplitic material. Musoovite^ beryl 

(13.1 percent BeO), and columbite are minor accessory 
minerals in the foarser grained unit. Mu^-ovite, bio- 
tite, and berjl (];'.. it percent BeO) are accessary min- 
erals in thr- tinor grained unit. Plagioclase (An,^) is 
an accessory mineral in the coarser unit. The betyl 
oontent of the entire pegmatite is 0.008 percent. Pos- 
sible products are adlliiig-gnde feU^ar and scrap 
mica. 

Pegmatite 26 is discordant, 23 h^l thick, and at least 
130 feet long; it strikes 40" W. and dips 60° SW. 
It oonmste of a trail aone of fine- to medimn-grained 
quartz-pcrthite plagioclase pegmatite and wg^ncnts of 
a discontinuous core of quartz-perthite-muscovite peg- 
matite containins; aoB woo ry bei^I (ISA percent BeO). 
The beryl content of tho entire pegmatite is 0.05 per- 
cent. Possible products are feldspar, scrap mica, and 
beryl of milling grade. AamaUqnantiljof dieetmiea 
could be recovered from the odrs. 

nevATiTE rr 

Pegmatite 27 is an irregular body exposed on tlie face 
of a difF. It is aboot 60 ftei long and 2 to 4 feet thick 
and is concordant with bedding that strikes N. 45*^ W. 
and dips 45° NE. It is near the crest of a small anticline 
that plunges eastward at about 40°. It is an unsoned 
body that consists of irregular masses of quartz and 
medium-grained iutergrowths of quartz and perthite. 
A lew yadiating groups of elongate black crystals of 
s]lanite( t) axe in theqoarti-pertii^le aggregatee. 

SMKSXBB M 

IV'^matite 2d, also an irregular body, is exposed on 
a slevj) liillside. It strikes about N. G5° W., dips 40° 
KE., and has a raajumuin exposed thickness of 20 feet-. 
It is concordant to the stmctnre of the contorted wall- 
rock. It is an unzoned Itody of fine- to medium-f^mlned 
plagiocloso-perthite-quartz pegmatite. Irregular 
patches of very fine grained aplitic material are exposed 
near the base of the hill. Garnet and white beryl (13.0 
percent BeO) are minor accessory minerals in and ad- 
jacent to the aptitio eggregpites. 



Pegmatite 29 is an outcrop or large boulder 10 by 25 
feet in size t hat is in the floor of the stream valley below 
pegmatites 27 and 28. No contacts are exposed. It con- 
sists efaiefiy of plagioobMe-pettfaite^iaattB pegmatite 
with acce.ssory muscovite. A fracture-controlled quartz 
body 6 to 8 indies thick strikes N. 35° W. and dips 40° 
VE. Becyl (13.0 pevoent BeO) is a minor aceeesoty 
mineral of this miit 
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FEaKATTrZ M 

Pegmatiti- '10 is 5 to 15 feet wide uiid crops out al- 
most coiitiiiuoUiily for 200 feet N. '<il)° W. No contacts 
an ezpoaed, but the trend is difloorduit to foliation in 
the nearest wallrock i\po«;ttr<«s. Several schist inclu- 
sions are present It is au uitzoned body of fine- to 
medium-grained plagweliiBB'qa»rtz-periliit« pegntitite 
containing minor accessory mtiscovite. Possible prod- 
ucts are milling-grade feldspar and scrap mica. 

Pegmatite 81 b « concordant body at least 20 feet 
long and as much as 8 feci wi<le. It strikes N. 45*^ E. 
and dips steeply northwestward. The pegmatite con- 
sists of a thin border zone of very fine grained perihite- 
qoartz-muscovite pegmatite, a wall «me of the same 
oompoeition but fine to medium grained| and a core of 
«oane-grained pertbiteK^uartz p^matitoi Beiyl (13.1 
percent BcO) is a minor aee o aw y mineral in the mil 
lone. 

ROHATtn IS 

pegmatite 88 has been etripped for a length of at 

least 45 feet, nnrl n widfli of R fw-t. Tf is fli.^cordiint ; 
no contacts were seen, but the trend of cxptjgures is N. 
5* E. Poorly developed units include a wall zone of 
fine-grained qniirfz plfifriorlnpp-msisrorifo pegmatite 
and a core of medium-grained quartz-perthito pegma- 
tite. Beiyl tolSJI percent BeO) is a minor aeoes- 
eory mineral in the core and wall tone. 

Pegmatite 33 is discordant, umoned, at least 125 feet 
kng^ and as much at 25 feet thidc. Tt strikes N. 66* 
W. and dips steeply southwestwnrd. Tlie rook is med- 
inm- to coaree-grauied quatts-perthite-plagioclaae peg- 
matite containing msaoovite and minor quanUtiea of 
beryl. Poseible products aremilKng-grade feldspar and 
scrap mica. 

nsKaniBM 

P^matite 34, a very small irregolar disoonlant liody, 

is 2 feet Iotii; nnd r> inrhc?; thifk. Tt strikes cast, dips 
70° N., and consists princiiKilly of white perUiite. 

FEOMATITE M 

Pegmatite 35 is a discordant body 25 feet thick, ex- 
posed for 20 feet N. 45*' W. along its strike. It dips 
steeply northeastward. There is no apparent zoning al- 
though graphic granite is abundant for 8 feet inward 
from the footwall ; otherwise the body is quartz-perth- 
ite-mnsoovite pegmatite. Beryl and garnet are minor 
aocGSBoiy mineral& 

raejuTXTs M 

Pegnmtito 86 is tepresented by bouMsis snd smalt 



outcrops trending N. 65° W. for 100 feet. No contacts 
were seen, but the pegmatite p robably is discordant . It 
is an unzoned fine- to medium -grained quartz-perthite- 
plagioclase pegmatite with accessory muscovite. Po^ 
aible products are milling-grade feldspar and scrap 
mica. 

nnumB si 

Pegmatite 37 is 3.15 miles S. 1 r W. of Kaymoiul vil- 
lage. Althou£^ it never has been mined, the Whiteli&U 
Co., Inc., stripped part of the overtmiden in 1947 while 
prospecting for feldspar in tlie Kayniond district. 

As mapped, the pegmatite is roughly rectangular (pi, 
9) . It is about 8S0 feet long and bas an average width 
of 170 feet. Contacts with quartz-mien srhist are very 
poorly exposed at two places. Near the northwest 
comer of the pegmatite, tbe strike !b nortt, and tlie 
dip mnges from 2.^* to 60° E. The pegmatite seems 
to be concordant on the nortbwe^ and southeast sidee 
and dlsoordant elsewhere. AJthotigh pegmaUte 88 is 
only 26 fe^t froin (he southeiist comer of jx'gmatitc 37, 
there is no evidence that the two are connected. A 
plunge of 18* toflO*NB. is suggested ly the s t ruet ur a el 
the intermediate zone around the core and by tlie di- 
rection and angle of plunge of minor folds in the 
waUrodr. 

Tlie pegmatite is j)ooily exposed except ui tliose 
places where tlie overburden has recently been removed 
during pniqieeting. Four units, of which three hsTU 
been mapped (pi. 9) caji bo distinjcriiished in these ex- 
posures. Possibly the present land surface truncates 
only the upper part of outer units of the pegmatite;, and 
more zones are present at depth. Tlie lM)t\Ter zone is 
very fine grained quartz-muscoviie-plagioclaso peg- 
matite present at the few places where the contact is 
exposed. It h nhnnt one-half inch thiclr, and thus can- 
not be shown on plate 9. 

The wall son« consists of fine- to medium-grained 
plnfriorln.se-quartz-perthite permiatite with accessory 
muscovite, garnet, and minor accessory apatite and bio- 
titSk The average oomposition is 40 percent plagiodase, 
30 percent quartz, Qf) pereent perthttr, and 5 percent 
accessory mmerals. Plagioclase and quartz muscovite 
intergrowths form a matrix for the coarser g-rained 
pertliite crystals. Tlie average fhirkneRS of the zone 
is unknown. The broad areas of wall zone shown on 
plate 8 may be a thin cover above inner zones. 

The intermediate zone is a disrontimiou?; unit of fme- 
to medium-grained quartz-pertlute-plagioclas© peg- 
matite exposed around the northeast end of the core. 
This unit is lesji than 10 feet tliick and pinches out 
south west ward. The average cornpopition is 40 percfflt 
quarts^ 80 percent perthite, -ir, i>erccnt plagioclase, and 
6 paroent sooaaoiy minerals. It contains the same 
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acceesory tnineimb u die wall zone, and in addition, 
beryl. Mineral measurements indicate a beryl content 
of 0.04 percent, but beryl is more abundant immediately 
adjacent to the core. 

The core is medium- to coarse-grained perthite- 
quftrt2-plagioclase pegmatite in which graphic granite 
IB ahnndint, MpeeiaJIy in the exposure near the north- 
wwt comer of the pegmatite. The average compositi<m 
is 65 percent perthite, 30 percent quartz, 10 percent 
plagioclase, and 5 percent accessory minerals. The 
•ooeaBory miii«r»U are mtuoovite, garnet, ckavelandito, 
and beryl. The beiyl oonristed of one crystal, found 
near the intennediate zone. The exposures of thp core 
shown on plate 9 are probably parts of a single unit 
Uuit has twan only partly unQorated hf erosuni. Tlis 
core may be neater the footwall than the hanging 
wall. 

Becyl occnn as small crystals in the intennediate 

zone, and is most abundant adjacent to the core. 
Mineral nwasoiemeats show that the grade of this 
sons is 0.04 pereent, bat these crystals are too bbuJI to 

recover by hand-eolibiiig. One crystal by Tinchssis 
in the core adjacent to the intermediate zone. 

Pegmatits 87 is ons of the few in the Baymond 
flistrirt that offers iH)ssibili(ief? for the rwm-en,' of 
potossic feldspar by liand-cobbing. Coarse-grained 
perthite in the core is assoeiated with only minor 
amounts of g'aitict niid ^^phir quartz. The entire 
pegmatite has a composition and size that would make 
it a logical sooroe of millflBed if amill were establishsd 
in the area. 

Plagiodase is most abundant in the wall zone, and 
froiddtiereooverallle only with perthite througli millin<^' 
that would separate feldspar from flie other minerals. 

Muscovite is iiic«t abundant in the wall aud inter- 
mediate zones, although it is also an accessory mineral 
in the core. Almost all books are less tlian 1 inch in 
diameter, and could be recovered only by milling 
metlioda. All ths mica is of serap quality. 

raSUVRSM 

Pegmatite 38 is n pre.s«^nted by outcrops and blocks 
extending N. 30° W. for 750 feet The pegmatite is at 
least 60 feet thick, and dips 45° KE.; it is generally 
concordant. The rock is fine- to medium-grained 
quartz-petthite-plagioclase pegmatite oontaininnr ac- 
cessory muaoovite. Poesible products are mill iug-^t uda 
feldspar and scrap mica. 



Pegmatite 39 is a generally concordant unzone<l luxly 
00 feet thick and 150 feet long that strikes 40° W. 
and probably dips northeastward. It has fine- to 
msdiun-grained qwoto-perthite-plagtoclsse pegmatite 



with i>cce-s84^ry muscovite, as wi-l! as minor amounts 
of beryl and garnet. The beryl content of the ontirti 
pegmatite is 0.0035 percent Crystals associated \^ith 
irregular quartz Imdir^ contain 12.8 to 12.85 percent 
BeO; other crystals contain 13.0 to ir!.-2 percent BeO. 
Possible products are n^illing-grade feldspar and 
scrap mica. 

PEGMATITE 40 

Pegmatite 40 is marked by outcrops and blocks, ex- 
tending 20* W. for 800 feet, that are probably parts 

of a sringlf dis« ordanf body, llio maximum width is 
less than 100 feet. The dip ranges from 70° N£. near 
the northwest end to 10* E. near the center of tJie 

pegmatite. Tlie rock is fine- to medium-grained 
quartz-plagioclase-pertlute pegmatite containing acces- 
Sony mnsoovite. Green (19.0 percent BeO) and white 

(13.1 to bl.'2 ]iercent IkO) beryl are minor acce.s.sory 

minerals. The beiyl content of the entire pegmatito 
is approzimately 0.0006 parosot. PosaUe prodnots 
an milliiigipadB feldspar and snap mka. 

Pegmatite 41 is represented by boulders and small 
outcrops extending &5 feet N. S&° W. The pegmatite 
probably is discordant, and dips noitheastwatd at a 
low angle. It has fine- to inedinm frrained idagioclase- 
quatts-muaM>vite pegmatite that is cut by fracture- 
oontraiUBd quarts bodies 9 indiBB thick. 

Pegmatite 48 is a discordant pegmatite 700 feet long 

and us nnich as 100 feet thick; it has a strike ranging 
from almost north at the southeast end to northwest 
at the northwest end. Tbn average dip is 80* SW. 
Two small feldspar prospect pil.s were ojx^ned by tlio 
Whitehall Co., Inc., in the bulbous northwest end. 
The sones, olmorved only near the pits, indnde a wall 
zone, 5 to 15 feet thick, of fine- to inediiiiii-i.TaiTicd 
plagiodase-quartz-perthite pegmatite that thickens to 
the southeast uitil it is the only unit present; an inter- 
mediate zone, C to 25 feet thick, of medium-grained 
ptagioclose-perthite-quartz-muscovite and biotite peg- 
matite pceesnt only akmg the footwall side; a core- 
margin zone, 2 to 3 feet thick, of medium-grained 
plagioclase-qusrtz-perthite-muscovite pegmatite inter- 
mittently eipoeed be t ween the first intermediate Bona 
and the core; and a core of perthite-ciuartz-plagioclase 
pegmatite. Small parts of the core contain grapliio 
granite. Muscovite oocnrs m all units. Beryl is a 

minor accessory mineral In the first intermediate zone, 
which has a beryl content of 0.06 percent. A specimen 
of steined beryl from this unit eoBtains pawent 
BeO, and another of fresh green beiyl oontafais tSJ. 
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percent BeO. Neur the prospect pits, pos-sible proJiR'ts 
are luuid-cobbed perthite and mien of irn'll'"g grade. 

PEGMATTTE 13 

Pegmatite 43 is at a locality tliat contains two con- 
ooTdant pogmatites 5 to 6 imhem thick e?q>osed for 8 to 
12 feet N. (55* K. along their sJrikr. Both ai* fine 
grained. One is an unzoned quam-plag^oclase-niusco- 
▼H» pe^atite with accessory beiyl (18.9 percttiit 
BpO) ; the oflirr has a 2-inch zone of porthit« and 
quartz along the foot wall, a 2-iiicb core of quartz- 
DUttoorito pmpmitite^ and a S-inch zone of qnartx-mts- 
«ovite-plagiocI«8B pegmatite along the hanging wall. 

PZQKATm 44 

Pegmatite 44 is concordant, 375 feet long, and ia 
exposed over a width of 25 feet The pegmatite 
strikes N. 60° E. and dips 35' NW. It consists of a 
wall zone of fine- to medium-grained quafts-perthite- 
plagioclase pcj:rmatite and a core of medium-grahied 
material of similar composition. Musco\ ite is an ac- 
oeeeoty mineral in both unite, and bei7l (11.6 percent 
BeO) b a minor aocaeeory mineral in the wall zone. 
A small prospect pit was opened hy the Whitehall Co., 
Inc. Possible producU are milling-grade feldspar and 
scrap mica. 

Pegmatite 4S iz a dizoordant body that eropa out 

intemiitteutly for 1,200 fcot ulnn^r ii ttvml of N". CO" W. 
Althoui^ the contacts are poorly exposed, the maxi- 
mum thiekneaz pMibably is about T6 feet. The dip is 
80° SW. Two small jirnspwt pits wore opono<l for 
feldspar near the northwest end by tlie Whitehall Co., 
Inc. In these pits the pegmatite eonnata of a wall 

zone of fine- to mfditini-f,Tninr'cl quartz pln^nodasc- 
perthite-muscovito pegmatite with minor accessory 
beryl (11.6 pevoant BeO), and a core of perthite- 
cleavplrindtfc muscovite pegmatite with nrrrysory gar- 
net and pyrite. The core locally extends to the wall 
of the pegmatite. Zoning is not distinguishable south- 
east of the pit?, where the pegmatite consists of quartz, 
perthite, and plagioclase. Possible products are haud- 
eobbed pertiiite oontaining pyiHe uid garnet in^uri' 
tiflfl^ and MdqMr Mid sexap mlea of milling gmde. 

PXOXATITE 4< 

Pegmatite 46 is marked by scattered pef»ma(itfi 
blocks and outcrops extending 130 feet N. 5° W. Tlie 
ex]>osui-e ranges from 5 to 25 feet in width, and the 
dip is unknown. Tliis is a dis-oiilatit ])fgTnattte con- 
sisting of 2 units ol' iiboul equal size; 1 cwutaias fine- 
to medium-grained quartz-plagioclase-perthite pegma- 
tite and the other contains medinm^grained perthite- 



quartz pef^iiiif ite. Either of the two units may be 
adjacent to wallrock. Accessory minerals include 
muBOorite, minor amounts of beryl ( 13.0 peraent BeO), 
arul bki:'k tourmaline. Albitc (Ano.:^) is an aoce.s.scry 
mineral in pertliitc-qaart^ pegmatite. The beryl con- 
tent of the quartz-plagioclase-perthite pegmatite is 
0.0:1B pcrcont. Possible prodnets are milling^gitids 
feldspar and scrap mica. 

TZQUAtlTZ it 

Pegmatite 47 is tepreaented by scattered blocks and 
outcrops extending 1S5 feet V. 40* E. The maximum 

exposofl wii'Illi is 4 feet. No c-ontacts Nvero seen, but 
the pegmatite seems to be concordant. It contains a 
wall zone, 1 foot thidc^ of fine-grained quaitx-mozeo* 
vite-plagioclnse pegmatite and an inner unit of jxTthite- 
plagioclase (An^^) -quarts pegmatite. White beryl 
pMcent BeO) is • minor ac cess o iry minml in the 
vaUaonsk 

PEflXATITE «• 

Pe^rinatitc 18 crops out in the road, strikes N. 65' 
E., dips 80° SE., and is concordant. It is 3 feet thick 
nnd at lea.st 26 feet long. Tt contains a 2-incli l>ordt«r 
zone of very fine grained plagioclase-quartz-muscovite 
pegmatite, a mdl ao&e of fine-grained quarts-plagio- 
clase-mnscovitc ix'piTOatite, and n core of vprr fine 
grained sugary-textured plagioclaso (An«)-quartz 
pegmatite. Then are streaks of very fine grained 
garnet in the pugnrj- textured rock. Berjl (1:14 per- 
cent BeO) is a minor aixessory mineral in tlie wall 
Mtie. 

VEQMAIIXE it, SMITH NO. > PROSPECT 

The Smith No. 3 feldspar prospect is 3.3 milea S. 
60« W. of Baymond yiUage. In 1947, the Whitehall 

Co., Inc. removed the overburden from tlio pegmatite 
and opened a small prospect pit to test for feldspar. 

The pegmatite eonsists of three connected podlilee 
bodies I pi. 10) that trend e.astward for 200 feet. These 
irregular bodies range in size from about 20 by 50 
to 50 by 50 feet. At the mnthwest oomer, tabular 
apophysis extend northeastward and south west ward. 
The southwest apophysis, ranging from lU, to .*) feet 
in thickness, can be traced for at least 120 feet S. 70° 
W. The nortlieast apophysis shown on plate lOextenda 
for 170 feet N. 55° E. and can be traced for an addi- 
tional 350 feet N. 70° E. There is no evidence that 
these tabular bodies are of diiferent age than the main 
pegmatlfo, and they seetn to Iiave been injected along 
bedding' planes of the wallrock at the same time that 
the generally discordant main pegmatite was injected. 
The apophyses dip steeply southeastward; t;. ' l<.i (acts 
of the main pegmatite dip either Tertically or steeply 
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awny from tlio < ontar, illdkatliig mlMgcnMnt «f the 
pflgmatite at dapth. 
A thhi boidar boim, a wall xona, and a diaoontimKnts 

coro ran be dist inguished in this pegmatite. The border 
zone consists of very fine graijied qiiart»-mu80(inrito- 
plagioclase pegmatite. The ntaxiBnim tMckaeaa k IS 

inches, but it common]}' is less than 1 inoihthil^ and 
thus is too thin to be shown on plate 10. 

Hm wall loiie 18 fine-grained plagiodaieHiiiarta* 
perlliite pegmatite. The average composition of this 
unit is 55 percent plagiodaae, 80 percent quartz, 10 
peiroent perthita, and 5 perant aooaaany mhmals 
including muscovife, garnet, biotite, and beryl. 

The core is medium- to ooaiae-grained pertbite- 
quarts-plaifiodaae pegmatite. Gleavelaadite imd mas- 
covito are accessory minerals; garnet and b«ryl are 
minor accessoty minerals. Small m&saea of cleave- 
landite-qnarts-miiBOOTita-parlltite pegmatite ooem in 
the unit, but tliese are probably local variations in the 
composition of the core rather than a separate imit 
Fbe-gfained graphio granite ia partieidariy abradant 
in the eastern part of the main body of pegmatite. 

Mineral measurements indicate tliat the beryl con- 
tent ott the entim pagmatita i« about OjOOM peroeot. 
Mo?i of the cryatals are too Mall to be noovaired by 
hand-cobbing. 

Fnfcapa 90 peMent of tiie perthite in the core could 
be recovered by hand cobbing, but the only economi- 
cally important production would come through milling 
the entire pegmatite. FlagpKNlaae, becaiiae of ita email 
grain size, could be recovered only by mechanioal means, 
and in most present-day proceesea would bo recovered 
with the perthita. The amall ^ of the paputite 
doerg not f a\-or its use as millfeed exoept In cond»ination 
with other pegmatites in the area. 

No muscovite of sheet qoali^ waa diaerved. Serap 
mica fonaa Mly aboat 0 peiroent of the entire pegmatite. 

Pegmatite 50 is discordant, 4 feet thick, and expoeed 
for 20 feet along i ts strike of N. 40° W. ; it dips 80» SW. 
It consists of a lianging-wall unit of fine-grained plagi- 
odaae-quartz-muscovite pegmatite, a eore of ooarae- 
grained quartz-p«rthite pegmatite, and a footwall nnit 
of fine-grained plagioclase-quartz-perthite pegmatite, 
lioaoorite ia an aooeaaory mineral, and beiyl is a minor 
ac e o aBC t y mineral in aHmuta: BMylftvm the hanging- 
wall unit containa 1S.4 peroent BeO. 

Pegmatite is represented by scattered prgnintife 
blocks extending 80 feet N. 50° W. ; there are no definite 
onteropa. The thickness and dip are unknown, hot the 
pegmatite n prohahly diaoordant. PoBaible lonea eon* 



sist of a Ihin lx)i\ler unit of \ ei-}' fine grained muscovite- 
quartz-plagioclase pegmatite and a coro of tine giiiined 
quartz-plagioclase pegmatite containing accessory mus- 
covite and pertliite. Ik-ryl (13.4 percent BcO) is a 
minor accessory mineral iu both units; the beryl con- 
tent of the entire pegmadte is 0.08 peivent. 

nmxATiTx M 

Fogmatite 53 is a large poorly e.xpo8ed concordant 
pegmatite 1,000 feet long and possibly 200 feet thick. 
The average strike is about N. CO" E., but the dip is 
unknown. Tlie pegmatite is poorly zoned, and consists 
mostly of fine- to medium-grained quartz, plagiodase, 
and perthite, although there ate small masses of coarse- 
gra inod perthite and quartz. Hu8CovH» is an aooessoiy 
mineral in the finer grained unit, and oolumbite 18 a 
minor aoceaaoiy mineral of the ocaraer grunad unit 
BoanUe prodads are hand-oobbafala perthite, and feld- 
spar and 0cr»p mica of milling grade. 

naHAsms 

Pegmatite 5S etops out along a trend of K. TO* E. 

No contacts were exposed, but its dimensions may be as 
much B8 400 feet by 100 feet. The dip is unknown, and 
the ti-end of the pegmatite suggests that it is probably 
eoncordant. It consists of quartz-plagioclase-perthite 
ix^gmatite with accessory muscovite. The plagioclaae 
ia portly deavelandite (An«-i)* 

Pegmatite 54, a discordant pegmatite at least 60 feet 
long and 20 feet thick, strikes N. 15" E. and dip^ 7j* E. 
It consists of a wall zone of tine- to nmlium-gi a^ned 
plagioclose-qnartz-pcrthite pegmatite and a thin core, 
n to 7 feet tliii'k, of me<liiim- to coarse-gruiiied peithite- 
quailz pegmatite- Mnsoovite and bei-yl are tu;cessory 
minerals. A fracture controlled body 4 inches thick 
cuts the wall zone. Tliis IkmIv l oiitalns qtinrfz, musco- 
vitei, beryl, aivd minor amouut.s of plagioclaae (Ajli-j). 
The beryl content of the entire pegmatite is 0.02 ptr 
cent The beryl in the wall zone has 13.2 pt rceiit BeO; 
that in the fraciure-controUed body contains 13.1 per- 
cent BeO. Pofl^e prodncis are milling-grade feld- 
spar and serap mica. 

The trend of peerntalife is indicated by onteropa 
and blocks extending N. 40" VV. for 100 feet. The peg- 
matite is diaoordant and unaoned. The width of ex- 
posure ranges from 2 to 20 fi^et, and the, di]) of the peg- 
matite is 80" NE. The rock is tine- to medium-grained 
quaits-plagiockse (Anj^) -perthite pegmatite with ac- 
ceesoiy muaDoviteand beiyL Becyl (18.0 peroent BeO) 
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content of the entire pe^af ite is 0.1.'H5 ij<?rcpnt. Possi- 
ble products are uuUiag-grade felds|jar and scrap mica. 

nexATiTs M, HUAxz (KAFKRA) wn 

The BlBbe f(lcte{Mir nuae (pL 11) is 8.6 milM S. 49'* 

W. of Kayrnond villiifjr. It was opened in 1^15 mid wiis 
operated by the Whitehall Co, Inc., until 1947 when it 
wM cloaed npoitedlj beoauM of litigation oonoerning 
ownership. It was worked from an opencut 100 foet 
loagf 15 to 60 feet wide, and as much as 36 feet deep at 
tha north end. Tlie eat is filled ^h water to an aver- 
age depth of 15 feet. 

The pegmatite is about 130 feet long and as much as 
70 faet tUdc The awnge strike is N. HO** E., whteh is 
roughly concordant with the bedding of (lie ciielosing 
micat-quartz schist, and the dip is steep to the norUiwest. 
The plunge of the pegmatite might he alNHit 45* SW.« 
bu( no uc-oiini(e measurements of the angle and direction 
of plunge could be made. At the southwest corner of 
the opencut, an offshoot from the main body can be 
tnwed lor M feet K. 70' W. It is as much s« U feet 
thick. 

The hotder Bone is vtty fine gmlned qimrts-imiseorite 

pefrmafito with ni^r^essory plairioola.ee, garnet, and IhtaM. 
This unit is not evei;ywhero present at the contact and 
b nowhere more than 1 ineh thick. 

The wall zone is fine- to medttTm-prrained qnartz- 
muscovite-plagioclase pegmatite, and is exposed only 
at th6 aaaOL end of the opencut. l%e average compo- 
sition is 40 percent quarts, 30 perrent mnsrovite. 25 
percent plagioclase, and 5 percent accessory minerals. 
It is 2 feet thick where exposed. 

The first intennediate zone ronsi?t.<; of fine- to me- 
dium-grained quartz-plagiuclase pegmatite. In aome 
places it is adjacent to the schist contact, and the outor 
two zones are absent. The nveragr conifMisition is 66 
percent quart?,, 30 percent plagioclase, and 5 percent 
aOCeSBory penhito and mu.s(-ovit« and minor arcessory 
garnet, beryl, and a|intite. T'le pegmatite otTslioot at 
the southwest comer of the oi)cnruL i.s comixtsed of a 
variety of this zone in which plagiodlsss is nearly as 
abundant as quartz, and perchite fotms more than 5 
percent of the rock. 

The largest unit is medium- to coarse-grained perth- 
ito quartz plagioclase pegmatite, from which most of 
the pertlute was mined. Tlie average composition is 
55 percent pertliite, 30 percent quartz, 10 percent pla(p- 
oel a pe, and 5 percent accessory mineraK The accessory 
minerals are chiefly muscovite and cleavelandite, but 
also include gamct and apatite. Columbite and beryl 
are reported to have been recovered from this miit, 

The core-margin unit, or tliird intermediate zone, 
consists of medium-grained plagiodase-muscovite- 
qnarts-perthite pegmatite. It is exposed only on the 



east side of a small segment of the quartz-perthite peg- 
uiatito of the core, where it is less than 2 feet thick. 
The aTsrage composition la 40 peraent plsgiodaae, SO 

percent muscovite, 15 percent quartz, 10 percent perth- 
ite, and 5 percent accessory minerals. About one- half 
the plagioclase is cleavdandite. 

Small di.s*-flntinnows segments of the coarse-grained 
quartz-pertliito core are exposed. Larger segments 
my ba in the floor of the water-filled opencut. The 
average composition of the core is 70 percent quartz and 
30 percent perthite. Minor accessory minerals include 
sphalerite, chaloopyrite, covellite, and Idllingitew 0(»- 
lumbite has been reported from this unit. 

Beryl is present in tlie first intermediate and border 
zones. Mineral measurements made on the east wall 
of the opencut indicate a berjd content of 0.148 percent 
m the first internicdiate zone, and this is in close accord 
witknoovery data. Four mineral measurements, how- 
ever, randomly selected on the surface of the dump, 
indicated a beryl content of 0.37 percent. This in- 
crease was partly cau.sed by the residual concentration 
of beryl in the dump material from which largt> ton- 
nages of feldspar were removed, and ijerhaps partly 
by carelessness in cobbing. The largest ciTstal re- 
ported by the operator was 2 by 4 feet, but tlie average 
size of the crystals measured was 2 by 4 inches. With 
careful band-oobbtog, 75 peroent of tfao beryl might be 
recovered. 

Hie largest reserves of potassic feldspar are in tlie 
.second intermediate zone and core, the same units that 
produced this mineral in the past. Iliesize of perthite 
ciystals in these unite is large enough to permit the re- 
covery of at least 60 percent by hand-cobbing. 

The Blake pegmatite is one of the few in the Ray- 
mond distriet that could yield small amounts of sheet 
mica. The wall zone at the south end of the opencut 
contains an esfcimatind 30 peroent muscovite of which 
perhaps 1 peroent is of sheet size and quality. The 
extent of this unit downdip is unknown, and it is ex- 
posed along its strilm for only IS feet. The muscovite 
is greenidi-rmn colored and clear, trat most of the boc^ 
are badly fractured. The largest sheets that could be 
trimmed from books observed in this unit were about 
IVn by 2 inches. A few muscovite books from the 
core-margin zone also may contain small sheets of flat 
mica. Scrap mica could be recovered by hand-cobbing 
only from the wall and core-margin zones. More than 
a third of the total moseonte in Oiese tmitfl coiild be i»- 
covcred by this method. Milling of the entire pegma- 
tite, which has an estimated muscovite content of 2 
percent, would p«mit a much laiger recovery. 

Columbite was reported by workmen to have oc- 
curred throughout the pegmatite and it is probable that 
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most was recovered from the inner units. Tlie average 
size o( the pUtes seen was 1 inch long, one-half inch 
wide, and one-fourtli inch thick, but larger cr^-atalB have 
lieen reported by Uie former operator. 'Vhc pegmatite 
is estimated to contain about one-third of a pound of 
oolumbite per ton of rook. 

FXSHAnxx If, %tM% tsotnoi 

The Lane prospect onfiuns t wo mmU pits opened by 
the Whitehall Co., lac, for feldspar near the southeast 
end of a discordant pegmatite 750 feet long and as 
much as 50 feet thick. Tlie average strike is N. 55° 
W., and the dip is 80° SW. The thicker southeast 
end consists of a wall zone of fine- to medium-gi-ained 
plagioolase-quai t z-pert hite-muscovite pegmatite, a oore- 
mai^gin zone of medium- to coarse-grained perthite* 
qiisrtE-imisoonte pegmatite, and a core of quartz 
pegmatite. Minor accessory minerals are biotite, beryl , 
garnet, black tourmaline, and apatite. Northwestward 
from the proflpect pits, the pegmatite thins and has 
only a wall zone of quartz-plagioclase ( Aiu.}) -perthito- 
muBCOTite pegmatite ranging from 4 to 5 feet in thiok- 
nees and a core of qnaitx-perthite pegmatite. The 
bon 1 content is 0.0.3 percent in the southeastern part of 
the pegmatite; the mineral is commonly stained and 
has a BeO omitent of 12.5 to 18^ percent Tn the 
nonliwestt ni jJiirt, hiryl is less abundant (0.014 per- 
cent) and has a BeO content ranging from 12.8 percent 
in a specimen from midway between the ends of the 
y)t'<^nuitite, to 13. L' percent in a iipocliuen from the north- 
west end. Possible products are hand-cobbe<l perthite 
and milling-grade feldspar^ scrap mica, and beryl. 

wwnuam k 

Pegmatite 58, a poorly exposed body, is at least 140 
feet long and 20 feet thick. It strikes N. 55° W., 
dips 75' SW., and is discordant. It constits of fine- 
to medium-grained quartz-plagiocla^ (An,.,) -perthite 
pegmatite. Kuscorite and cleavelandite (An,.,) are 
the chief accessory minerals; biotite, beryl (1*2.0-13.0 
percent BeO), and gurnet are minor accessory min- 
•rals. The beryl content of Uie entire pegmatite is 
OjOI peroamt. FossiUe prodnds are milling-grade feld- 
spar and lerap miea. 

PEOICATITS M 

Pegmatite 59, from 6 to 1'2 im lies thick mid 10 feet 
long, strikes N. 60" E. parallel tx> foliation of the 
wallrock. It dips steeply northwestwaxd across the 
dip of the foliation. It is an unzoned qunrtz-plagi- 
oclase pegmatite with accessory muscovite. 

irauzm as 

Pegmatite 60, a comeordant pegmatite from, d to 3Vi 
feet thick, is e.xposed inteimittently for 40 feet along 
ssisie— «> — « 



a strike of N". 6.'>' E.: it dip.- 70° NW. It contains n 
wall zone of tine-grained muscovite-quortz-plagioclase 
(Auis) pegmatite, a core-mar]^ zone of medimn- 
grained plagiocla^'-qiinn/ pcrtiiite pctrmatito, find a 
core of massive quartz. Beryl is a minor accessory 
mineral in the wall zone (13.1 percent BeO) and in tlie 
con>maigin zone. 

raevAxiZB ti 

Pegmatite 61 is unzonpil and sni'dl, not more than 
2 feet thick. It is very irrcgtilar and boii) concordant 
and locally discordant to the foliation of the cnok^ng 
wallnxk. The dip is probably vertical. It i« quartz- 
piagiochise-iietthite pegmatite with accessory mus- 
covite and beryl. 

rmamjom n, wbmk man 

The Welch feldspar mine is 8.6 miles S. 45° W. of 
Baymond village. It was operated intermittently 
from 1948 until 1947; the most recent work was done 

by the Whitehall Co., Inc. The overburden has been 
stripped from much of the pegmatite. Hie larger 
working is an openeitt 100 feet long, as much as 40 feet 
wide and 20 feet deep, that was driven northeastward 
into the pegmatite. A smaller opencut was started 
near (^e northwest corner of the pegmatite. 

Tlie contact between pegmatite and wallrock is no- 
where exposed, although the enclosing rocks are pn^ 
ably no more than a few feet beyond the pegmatite 
outcrops (pi. 12). Tlie pefjinutite is exposed for 320 
feet N. 35*^ W. and has a maximum exposed width of 
85 feet. Hie strike is probably nearly the same as the 
trend of the outcro[iH, and the dip appears to Ije nO° 
SW. The plunge of the pegmatite is unknown, but 
the alinement of quartx masses, probably disoontinaoas 

segmeiit.s of the core, indicate.s a phuij^e of 50° S. 

The southeastern half of the Welch pegmatite ocai- 
sists of well-developed xones ; the northwestern half, 
however, contains only units thai seem to !>e of i-eplaee- 
raent origin, and well-arranged zones are not present. 
The diange between the two halves of the pegmatite is 
at or near the fault expos<'d in the opem nt. The fault 
plane strikes N. €0° £. and dips 50° SE., and although 
ito displaestnent is not known, it is not neoeeaarily large. 
The fault gouge may have acted as an inipei7ni>able 
barrier that permitted alteration of pre-existing pegma- 
tite norihweat of the fault by later Mdie^ridi pegmatite 
solutions. If this wei-e true, the fault must Ije later 
thau the consolidation of the zoned pegmatite but 
earlier than the last stage of pegmatitie activity in 
the \vhole body. 

In the southeast half of the pegmatite the outer unit, 
probably the wall zone atthoo^ no oontacta with wall- 
rock were Msn, is line- to mediwn-graitied pl«giod«M- 
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quartz per tin to pegmatite. The average composition 
is 85 pi-rceut plagioclase, 30 percent quartz, SO percent 
pertJiite, atul 5 percent aoocss^ifv minerals. Muscovite 
is A conuuou accuser j mineral, and garnet and beryl are 
minor accQBsaiy mineTals. Pkigi<>clM» ta>A quivts are 

finer grained tlian tlio portliite, :uul are interstitiid to 
it. The unit thickens at tho southeast end of tlie peg- 
nuitite Ntposnra but tiiins northwestwArd. 

The first intermediate zone is cliaracterized by aggre- 
gates of very fine grained granitic material. The aver* 
age oompoaitioii is 80 percent perthite, 20 pereeotplegi- 
oclflse, 15 ixTcont quartz, 30 percent ^ranitir material, 
and 5 peixent acoeesory minerals. ^luscovite and 
eleavelandite are the oUef acoeawcy minerala, and 
garnet, apatite, and beryl are minor acceesorj' minprnls. 
Graphic granite is more abundant in this unit than 
ekewbere in the pegmatite. 

Pods of granitic materials, consisting of plagioclase, 
quartz, pertiiite, and minor muscovite and garnet, are 
aeatterad at landom tfaroaghout the zone. Grains axe 
rommonly 1e?^ than one-quarter inch in diameter, but 
some of tho perthite is 1 inch long. The very fine 
grained areas grade into the coarser grained perllute> 
plnp-ioclnFv-qnartz ppgmatite. Tlie gianific material 
has corroded large pertlvite crystals, and single cleavage 
faces of perthite can l>e traced into the finer grained 
material. The gradation in texturR between fine- and 
coarse-grained parts of the zone, its regular occurrence 
in the sonal sequence, and its enmilarity in extent to 
other zones indicate (hat (he very finn grained material 
is virtually contemporaneous with other material of the 
zaaa. Therefore it has corroded only tluiee oystals 
that had developed in the eadisst oonsdidatton stages 
of the nnit. 

The second intenaediate «me is a medium- to coarse- 
grained pcrthite-qnartE-plagioclase pegmatite that has 
been the major source of potas.sic feldspar recovered at 
the mine. The average composition is 50 percent per- 
thite, 80 percent quartz, 15 percent plagiocla.^, and 5 
percent arceK?nr}- minerals. Mu'^covite and clfavcland- 
ite are the most abundant accessory minerals, and 
garnet, beryl, oolaiDbite, and apatite are minor aeeesaoKy 
minerals. 

The third intennediate zone consists of fine- to 
medimn-grained quartz-plagioclase pegmatite. The 
average composition is 65 percent quartz, 30 percent 
plagiodase, and about 6 percent aoceaaoiy minerals. 
iCusoovite and beryl are the major and minor accessory 
minerals, respectively. About half of the plagioclase 
is eleavelandite. This unit crops out near the center 
of the pegmatite southeast of the fault and in the main 
OpHMOL 



The core is fine- to coarse-grained perthite-quartz- 
mnsconte-oleayelaadite pegmatite. The average com- 

position is 40 percent pertJii(c, H.") percent quartz, IS 
percent musoovite, and 10 percent eleavelandite, but in 
any single expoanre of the unit, one or more of these 
minerals may be absent. The nmscovile is fine grained, 
yellowish green, and is the typical "burr" mica often 
aasodatad with deaTdandita The core is disooatiaa* 
ous, consisting of ssTsnil SQgmsnts near die center of 
the pegmatite. 

The replaced northwest part of the pegmatite con- 
sists mostly of medium- to coarse-grained perthite- 
plagiodase-musoovite pegmatite with accessoty garnet 
end pyrfte, chaleopyrite, sphakrite, and other sulfides. 
The average composition is 45 percent perthite, 10 
percent plagioclase, 10 percent muscovite, and 5 percent 
aee aao o t y minerals. Locally Hm muscovite content 
increases to 40 percent of the vmt. .Mthongh in most 
places the fault acts as a sharply defined contact with 
Mned pegmatite, a fair snail musoonte-rioh pods occur 
.southeast of the fault. These appear to have Wn 
superimposed on the normal pegmatite of the zones and 
may be at places where solutions passed throu^ tiie 
generally impermenble barrier along the fnult. The 
muscovite books and Hakes norlhw^t of the fault are 
commonly lees than one-half inch in maximum di- 
mension and are green, yellowigh-green, or grrrnish- 
rum. In tlie pegmatite especially rich in muscovite, 
tho books are larger and mostly greenisli-rum. The 
small pods southeast of (he fault contain fine grained 
yellowish-green flakes and very siuall books of musco- 
vite. The feldspars of tba tmit are commonly stained 
by iron oxide, and the plsgioclase characteristically is 
vuggy. 

The unit northwest of the fault is eharactoriied tiy 

an extremely low percen(age of quartz, probably less 
than 1 percent of the rock. Most quartz occurs as 
small crystals linine: vngs sun-ounded by feldspar, and 
only rarely doe.s it occur in irregular intergrowths 
with plagioclase typical of the zones. Mmy of the 
vugs in the plagioclase appear to have tltc cuaructer- 
istie shape and siae of quarts in tin pegmatite of the 
second intermediate znne sontheast of the fault. In one 
place, quartz in vugs in perthite has the s<ame arrange- 
mmt and size as the quartz in typical graphic granite. 
Tliese features suggest that quartz has bwn removed 
by solutions acting on pcrthite-quartz-plagioclase peg- 
matite of the second intermediate zone. 

The second unit distinguished northwest of the fault 
is similar in feAtui-e and composition to the one de- 
scribed above except that muscovite forms less than 
5 pevoent of Cbe unit. 
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Thus the teztares and the different mineralogy sug- 
gest Uiat the nortliwest part of tliis pegmatite consists 
of matfirial formed by replacement of previously solid- 
ifisd zones. The subdivision into two units may reflect 
diiferences in the composition of zones before the re- 
placement sta^ It is not dear whether the fault is 
pTereplaeamiBiLt, and Uu» was a barrier to tlie fluids, 
or postreplaeement, and cauwd j«it«i>ontioii d unlike 
roclEs. 

Beryl is proeent only in the xcmed iieguiatitc south- 
east of the fault, whore it lias been found in all zones. 
Mineral measurements indicate the beiyl oHitent of 
tills part of the pegmatite to \» about OM percent 
The tliii il int«nnediate zone contains the largest beryl 
GOQoentrations. Measurements made at random on the 
surface of the dumps indicate a grade of 0.03 percent. 

The ttvcragf ciTstals have ;ui exjios^'tl surface iirpu of 
8.8 siittare inches, and 50 percent probably could be 
recovered hy hand eobbing. 

Pot.i>*ic ffld^jnir rpi^ourccs arc in all zones soutli- 
east of the fault, except the third intermediate zone. 
The average perthite content of this part of the peg- 
matite is about 40 [joi-cent, and rworon,- by hfiiid •cob- 
bing is possible in both the second intermediate zone 
and the core. Korthwest of the fault, the ayenge 
portbile contftiit is abotit 50 percent, and three-fourths 
of it could be recovered by hand-cobbing. Much of 
this fstdspar is stained hf iron oxid ss. 

Sodic feldspar comprises 20 percent of tho pfprnatite 
southeast of the fault and 45 percent northwest of it. 
SoQtheost of the firalt die grain ri» is too small to peir- 
mit rocoverv hy hand-cobbing, and only an estimated 
2a percent of the total sodic feldspar northwest of the 
fault oonld he Mooveredlqr this method. This feh^par 
is stained by iron oxidrs. Recovery of sodic feldspar 
by milliiig would be much greater than by band meth- 
ods, but the product would he combined wiA potassie 
feldspar. 

Muscovite in the Welch deposit could be used for 
scrap pmT>oscs, but only a very few small books con- 
tain material of sheet qiuilif y Alxint 75 percent of the 
muscovite in the richest area.H northwcvst of the fault 
oodld be recovered by hand-cobbing, but in other places 
recoveri' by fbis metbod wotdd lie very low. Tlie aver- 
age grade of the entire pegmatite northwest of the 
f inlt is estimated to be 5 percent; southeast of the 
fault it is3perrrnt. 

A few plates of columbit-e occur in the zoned peg- 
matite The largest specimen swsn on the dump wns 
3 inches icmg, 1 inr-b ^\'<]r. md one-half inch thick. 

PEGMATITE n 

Pegmatite 63, feet thick, is exposed for 8 feet 
along its stiilm of H. 45* E. It dips 80* SE. sod is 



nearly concordant. It is quartz-perthite-plagioclase 
(Ana) -museorite pegmatite wUih acocoooiy garnet 

Pegmaf ito 61, a discordant body, is at least 500 feet 
long and 10 to 50 feet thick; it strikes N. 45° W., and 
dipsTO^SW. Zoning consists of a e-inchwaU zone of 
fme-trrained quailz-mus^x)vit»;-plagioclaae pegmatite 
and a fine- to medium-gminod core of quartz, plagio- 
dase (locally An,), and perthite. White beryl is a 
minor accessory mineral in both units; in tlio wall zone 
it contains 13.1 percent BeO, in the core 12.8 to 13.0 
percent BeO. The beiyl content of tiift cntite peg- 
matite is 0.003 percent. Pos.sibie produotaavs millings 
grade feldspar and .«rrap mica. 

PEQK&TITZ: <», UnjJB FBOSPKCT 

Pegmatito fi5 is at least 250 feet long and as much 
as 60 foot fliick. It is discordant, strikes N. 46* W., 
and i)robabIy dips 7rr NE. TliieL' small prospect pits 
have been opened for feldspar. The body consists of 
a wall zone of fine- to medium-grained qu&rtz-perthite* 
plai;I(x'lasti (An,..;') ■mii.'ii'ontp pppronfite, a core-mar- 
giii zone of Hiedium. to coarse-grained perthite-quartz 
pegmatite, and segments of a discontinuous core of 
quartz. Beryl (12.0 to 13.0 percent BeO) is a minor 
accessory mineral iii the wall zone and in the core. The 
beryl content of the wall zone is 0.04 percent Possible 
products are band-cobbed perthite Mid miUing-grads 
feldspar, scrap mica, and beryl. 

nsKaxm m 

Pegmadte 08 is fntetmittently exposed for SOO huA 

aloii^: Its strike of X. Co" E., and it dips 05'' X^V. Tt 
is 15 to 20 feet thick and concordant The poor ex- 
posures diow a border zone of fine-|rrained quarts-mus- 
covite-placioelasc pefrraatite less tliaii 1 inch tbiclv, a 
wall zone of fine- to medium-grained quartz-plagio- 
elase*perthite pegmatite, and segments of a discontin- 
uous quartz -pc<rmatife coro. ^Tnscovite is an accessory 
mineral in the wall zone and in the core. Poraible 
products at« milling^grade ieMepar and scrap iniea. 

nnuxmsr 

Pegmatite 67, a discordant, irregular pegmatite, is 
about 3 fift tbick and is exposed for 20 feet downdip. 
It probably strikes N. 20° W. and dips 20" E. It is 
unaoned, and conmsts of fin»- to medinm-gnined 

qnartz-plapioclase (An;,-.) pe<iTOatita widl SUjUBBULJI 
perthite, muscovite, and biotite. 

PECMATm M 

P^matite 68 is at a locality that contains two small 
irregular pegmatites that are disoordant to the fblia- 
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tion of tlie wallrock. TIi*^ tari^er is oxjxisi fl for uKi'it 
10 feet on the face, of a cliff, \rliere it strikes N. 40° 
W. and dips 80* NE. The snudler body strikM N. 10* 
E. and dips 65" E. Both ari- unjroned, and consist of 
plagiodase-quartz pegmatite with accessory muscovit« 
ttidbktit*. 

wmtaummmton 

PegmatiJes 69 to 73 are 3.6 miks S. 43° W. of Ray- 
mond village, and have not been proRppoted. Plate 13 
shows the very irregular shape of the pegmatitefl, and 
chaneterotieally poor bedrock «tpomu«s in this 
am. 

Pegmatite 69, the largest, prolmbly is 850 feet long 

and as much as 250 feet wide. It is thickest near the 
soathwest end, and four narrow fingerlike bodies extend 
northeastward from it. The average strike is N. 65** E. 

parallel to the folintion of the gneissic granite wall 
rock. The average dip is 00° KW^ at a lower angle 
than the dip of foliation, which avera^ 70* NW. 
The diwof ioii or of plunge cotdd not ho deter- 

mined, but the sliupc of the pegmatite and its relation 
to topo^rraphy stigge^ a westward plunge. Under this 
inttTiUH'tatioii, the fingi'r-i iiff foms fxtfiiilin^' ilown- 
ward from Ute bulbous part of the body, and tlie small 
patch of wallrock near the soathwest end is a remnant 
of the cixyi nvor the top of the bod^'. 

The largest pegmatite (No. 69) consists of peithite, 
plagiodase, and quarts witii accessory muaoovite, bio- 
tite, gamef, b(>r\i, -uid roliunliitf. Tlic pp^niiatite is 
poorly zoned, and the exposui-es are so scattered and 
small that no attempt was made to map the units. At 
least two zones are pn'wnf, n wnll zone of fine- to 
medium-graiued plagioclase-quartz-perthite pegmatite, 
and a medium- to coarse-grained core of perthite- 
qunrt?: plftgioolasw pcgrintitr. Tlio average crtniixisi- 
tiou of tlie wall zone is 50 pert«iit piagioclase, •15 per- 
cent quartx, 10 percent perthite, and 5 pero^t accessory 
minerals such as mn'TovItc. hiotitp. •ramet, and i>ei"yl. 
Tlie average composittuti of ihe core is 4;< percent i>er- 
dutS) 90 peroont quartz, 20 percent plagiodase, and 5 
percent accessory minerals surli as miist-ovitp, garnet, 
and 8on»e beryl. The wall zune may be 10 to 20 feet 
thide; it is the only unit present in .son>e of the fijsgers 
that extend northeastwnnl. The core is exposed in the 
tliicker parts of the pegiuutite; podlike moiises of 
ooaiae-grained quarts, perthite, and muscovite are in 
the pertliito-ricli core. 

A few ihin, frai tiin' triiit rolled units cut the wall 
some along the hangingwall sideof tiiepeigmatite, and 
one extends into wallrock. These arc commonly from 
5 to 10 feet long, as much as 3 feet thick, and are about 
nonnal to the contact. Most of the.^ units consist of 
quarts pcigmatite, and have sharply defined contacts. 



Two of \hcm, however, iir(> of mediiim-grab;('<I quart/ 
perthite pegmatite with accessoiy muscovite and beryl, 
and have gradatiooal eontads with the earlier fbrmed 

pegmatite. 

Pegmatites 70, 71, and 72 are smaller lenticular or 
tabular bodies ezpoaed near pegmatite 60. FiegnMitite 

7^, n tabular body at least 200 feet long and 15 feet 
thick, strikes N. 70" E. and dips 40° NW. A small 
outcrop of pegSMtite in the han^ng^wall granite about 

25 feet north of the most northeastern pegmatite ex- 
posure of i)egmatile 73 may he a fracture-controlled 
extension of this pegmatite that strikes N. 59* W., but 

its junction with the main pegmatite is not exposed. 

Pegmatites 70, 71, and 72 consist of plagioclase- 
quurts-perthite pegmatite with accessory muscovite 
fiml frnrnet. TliP rock is mostly fine f^raiiied. P^- 
niatiic 73 has a similar composition but conuins very 
lint- giatned beryl as a minor accessory mineral 
Miniral mensurements in one outcroji indiiatoil fh.it 
la.> Ix-ryl cry.stals had a total ex|M>;i*d area of 7 ! stpi.-ire 
inches ; of this total, S.4 square inches were in one crystal 
and most of (lie others were 0.1 by 0.1 inch. Beryl 
may be more abuadant than the 0.0085 percent indicated 
by the mineral measumn* nSs, liecausn the crystals are 
so extremely small that they could be seen only in fresh 
exposui-es, and there may be other crystals that were not 
observe<l. 

Products of possible economic value from pegmatites 
60 and 73 are milling-grade feldspar, scrap mica, and 
l)eryl. Atthough perthite crystals as rtuich as 1 loot in 
diameter occur m«rt. are less than 4 inches across, and 
arc so sunounde<l by finer grained quartz, plagioclase, 
and miLscovite that they would be very difficult to re- 
cover by hand-cobbing. Muscovite commonly oocnrs 
in boots or flakes less than 1 inch in diameter. The 
Ijeryl content of pegmatite 60, except for the two central 
fmgei-s that contain no distinguishable beryl, is about 
0.0^ percent. The crystals are small, the average area 
exposed is 0.8 square inch, and they could be recovered 
only by milling. The beryl content of pegmatite 73 
is 0.0085 percent, and the CTTstaTs are extremely fine 
grained. 

PEGMATITE 74 

Exposures of pegmatite 74 extent inteiiuittenUy for 
atlea8t880festN.06*E. The average exposars width 

is about '25 f^M. Tlip <lip at tJip sonthwpst end is 60° 
NW., and Ute body is concordant. The pegmatite con- 
tains 4 frMAozB-filled units, 8 of which extend into 
wallnxkf tiie first strikes N. 15° W., is 15 feet lon^', 
and ^ feet thick; the second strikes N. 35° W., is 50 
fcot long, and 12 feet thick; the third strikes north, is 
80 Unt long, and 11 feet thick ; and the fourth is whoUy 
in pegmatite, strikes N. iA" W,, is 5 feet king, and 1 
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fiiot tliir!.;. All flip vertically. .Ttinctions of (!ip first 
three with the main pegmatite are not exposed. The 
main pegnuitito is chiefly tuutoned, oonUinid^ fiao- to 
inp<Uum-{fminpd prrtliito, qunrtz, and plagioclase 
(An«), and muscovite and beryl (12.8 to 12.9 percent 
BeO) as minor aooMBory mineralfl. The beryl content 
of f!ip ontirf pejjmatite, inchiding the fracture-con- 
trolled bodies, 'm 0.0125 percent. The fracture-con- 
trolled bodiee ato aonedf eepecially the one to the 
southwest, where a vnll zone of fino fjrnined plajrio- 
clase-perthite-quartz pegmatite contains minor acces- 
SQiy beryl (18.0 peroent BeO), and the core ooitriats 
of finp- to mrirnini-£rraiiio<l qiinrtz-perthite pegmatite. 
Possible produm of this i)€gmatito are milling-grade 
fBldspwr, scrap mica, and bnyL 

mnuTns it 

Peginatile 7& is unzoned, discordant, and 3 feet thick, 
and exposed for TO fcft along its strike of N. in" W. ; 
it dips 80* W. It, consists of hue- to nicdiujn-grained 
quartz-plagioclase (An&)-perthite pegmatite with mils' 
rnvlte and beiyl (13.0 percent BeO) as minor aooeeeory 
mineral.^ 

neMAim ft 

Pegmatite 7(> is at a locality that rontaiiisi a group 
of concordant pegmatite lenses and tabular lx»diee ex- 
posed near the contact of foliated granite with mica- 
quartz achi.st. Many quartz bodies are aaeociatod with 
the pegmatitic mntorinl: some ol them plunge 20° N. 
55*E. The largest piginatite fa an muxmed body 60 
feet long and 3 feet tliick; it is perthite-plagioclase- 
quarta pegmatite with minor acoeseory beryl (1S.I 
percent BeO) and muaoonie. 

maiturmit 

Pegmatite 77 is concordant, and is at least 170 feet 
long and from 3 to l.'i feet iladc. It strikes N. 60° 
E. and dips 50° N\V. It is an unzoned fine- to iiiediuin- 
graincd perthite-phigioclase-quartz pegmatite with 
minor accessory muscovite and beryl (lii.'J (leivent 
BeO). The betyl content of tiie entire )>eg))intifc i.s 
0.019 percent. Poflsible products are niilling-gmde 
leldspsr and scrap mica. 

fMsams It 

Pegmatite 78 is exposed intermittently for 105 feet 
along its strike of N. 05** E. The average ezpoeed 
thicfaieeB is 4 feet, and the dip is unknown. It proba- 
bly is coTnonlant. Although poorly zoned, it has a fine- 
grained wall zone of quartz-muscovite-plagioclaae peg- 
matite and a core of fine- to medium-grained peithite- 
plagioclase-quarts pegmS'tite containing accessory mus- 
covite and minor acoesBoiy beiyl (13.0 percent BeO). 



Tlie beryl content of tlte entire pegmatite is 0.010 

percent. 

sMHARsa n 

Pegujatite 79 is 10 uiches thick and is exposed for 
only ay, feet along its strike of N. .55° K.; it dips 80° 
NW., concordant with the schist. It is fine-grained 
quartc-musooTite-plagiocIase (AjBm) pegmatite. 

Pegmatite SO is 1 foot thick uml is exposed intermit- 
tently for 20 feet along its strike of N. 00° li; it dips 
86** NW. It is concordant, unsonsd, and conristl of 
fine-grained quartz-plagioelase (AUa^) p^gmsiitn with 

accessory muscovite 

Pi^matite 81 is 1 foot thick, is exposed intermittently 
for 60 feet aJ<mg its strike of N. 00" E., and dips 80" 
NW. It is concordant, unzonprl. nnrl contains fine- 
grained quartz-plagioclase pegmatite with accessory 
muscovite. 

naMAnTE u 

Pegmatite 82, s concordant body at least 280 lest 
long and from 10 to IS feet thick, strikes N. 68* E. and 
dips 65° NW. It contains a wall zone of fine- to me- 
dium-grained plagioclase-quartz-perthite pc^gmstite 
and segments of a diaocmtinuous core of medium- 
grained quartz-plapodase-perthite pegmatite. Pla- 
gioclase in the waU sone ranges in composition from 
An,, where amodated with quartz nearthecore, thnnigh 
An,-!, also near the core, to An»., near the hanging wall, 
and to Ann where associated with minor aooeesoiy co- 
lumbite near the hanging wall. Beryl ts a minor ac- 
cessory mineral of both the core and the wall zone, ami 
ranges in composition from 12.7 to 12.9 peixent BeO in 
the core, to 12J to 18.1 percent BeO in the wall lone. 
The beryl rontent of the entire pe;.'iii.itite iii 0.127 per- 
(»nb, Muscovite is an accessory mineral of both units. 
Pbwible products an milling-grade feldqpar, scrap 
mica, and beiyl. 

nsKstm m, snxawasK noancr 

The (lillinghaui pn>»;pei ( is an unzoned pegmatite 
rTliPTiPil fni feldspar by tlie U'liiteliall Co., Tiie. Tlie 
pugimilite i.-i feet thick aiiJ ut least GO feet long. It 
strikes eastward, dips 75° S., and the east end temni- 
natcs in a blunt r.o^f. It is medium- to coarse- 
grained jWirthKe-qiiMiiz plagioclase-muscovite pegma- 
tite. Black toumialine and apatite are accessory 
miiieruls, and heryl (IS.O to l;5.1 peivent IJeO) is a 
minor attessory minenil. P!iigio«'liis<> (An, ,) veinlets 
from the finer grained matrix cut peiiliite. The l>eryl 
content of tlie entire p^pnatite is 0.088 percent. Pos- 



.i^.o uy Google 



42 



BERTL EESOURCES OF NEW HAMPSHIRE 



sible products are hand-cobbptl perthUa and itAdBgaif 
and scrap mica of iniUinc praflc. 

PEGMATITES M TO 8», HUKXEr FfiOciECT 

The three pegmatites at tlia Hurley prospect axe 4B 
mUea S. 62° W. of Kaymond village. In 1947 the over- 
burden was removed from most of the cwtr&l and west- 
em pegmatites and two vnall eats were opensd \^ tiw 
Whitehall Go, bo. 

Tlie easternmost pegmatiteii No. 81 (pL 14), is at 
least 120 feet long and as much as 45 feet tbi^ It 
eferikes about N. 40° W. and dips SO" NE. Tlic central 
pegmatite, Ko. 85, ia also at least 120 feet long and as 
much as 45 feet thick ; it strikes about N. SB* W. and 
[jrobably dips steeply nortlieastward. A roll on the 
footwali contact pbinpcs G0=' S. 55» E. Tlie weatem- 
most and largest pegmatite, No. 86, strikes about N. 
flO^ W-i and where the contaotis ezx>osed, dips 65° NE. 

Pegmatites 84 and 85 are separated by a northwest- 
ward-trending band of schist probably ranging from 
8 to 10 feet in tinckness; the schist separating pegma- 
tites 86 and 86 is 2 to 18 feet thick. Schist is e:q)osed 
in the southeast comer of the main opencut, and its 
probable relation to pegmatite 80 is shown in plate 14, 
section A~A'. Tlie attitude of bedding in the narrow 
schist bands between the pegmatite bodies is similar to 
that in schist some distance from the contact. The 
out<>rop pattern indicates that the pegmatite exix)sures 
may be parts of a single body, only partly exposed by 
erosion, which strikes about N. 80° W. and dips north- 
ward. The diag«aial bands of waUtook are most likaiy 
nneroded remnanto of tba original eap of thaa body* 
FurthcrmoM, three peg^DstitaB an similar in 
composition. 

The border zone consists of very fine grained quarbs- 
muscovite ppgmatite that ia not everywhere exposed 
along the contact It is nusly mora than one-half 

inch thick. 

TIm wall aone is medinm-grdned plagioclasc-quarta- 

perthite ppfrmnfitP with accessory muscovitc, biotite, 
bhick touiuialiiie, garnet, and sulfides. The average 
oomposition is about 45 percent plagioclase, 25 percent 
quartz, 25 percent p<^i-t!ute, and 5 percent accessory 
minerals. Locally, the perthite content may increase 
to 50 percent, and some is in graphic intcrgrowth with 
quart?!. Plagioelnse near tlio inner edge of the unit 
is partly cleavelantlite. Much of the feldspar is stained 
hy iron oxides along cleavages and fractures. The wall 
2one is the largest unit PTjwerl, and is tlie only unit 
exposed in tlie easternmost pegmatite. 
The intermediate xone contains the same minerals as 

the w:ill zone jjliis strips of inter^rowu biotite and 
muscovite. The average composition is 46 percent 



plagioclase, oO percent quartz, 10 percent perthite, 10 
percent iniergrown biotite and muscovite, and 6 per- 
cent accessory minerals. The biotite is paitily ciUO' 
ritized. The biotife mii?iovite intergrowtlis occur as 
strips as much as V/^ feet long, 3 inches wide, and one- 
half ini h (liii k. Cleavelanditc is more abundant ia 
pegmatite of this zone than in the wall zone, and com- 
priseis about 26 percent of the plagioclase. The inter- 
mediate SODS completely encloses l of the 3 exposures 
of tlie core, partly surrounds the second, but is not ex- 
posed in the vicinity of the tliird. 

The core ia coarse-grained pcrthite-quartz pegmatite. 
Some of the exposures of this unit shown on the map 
(pi. 14) are very quartz rich, and others are perthite 
rich, but all arc probably porta of a single central unit 
of the pegmatite. Accessory minerals are plagioclase 
(commonly cleavelandite) , muscovite, minor biotite, 
black tonmaline, beiyl, columbite, and loUingite. The 
oomposition ranges from about 86 percent perthite and 
15 percent quartz on the east wall of the larger opencut 
to 65 percent quartz, 20 percent perthite, 10 percent 
plagioclase, and 5 percent accessory minerals in the 
exposure east of the north end of the larger opencut. 
At the exposure south of the krgcr cur. the composi- 
tion is 75 percent quartz and 25 percent perthite witii 
minor amounts of accessory minerals. In the perthita- 
rioh areas, the feldspar is slightly stained 1^ iron ox- 
ides. In the quartz-rich areas, perthite occurs as lai^ 
euhedral crystals in the quartz. Tlie quartz of the unit 
ranges from gray to pink to white, and there are small 
areas of clear, highly fractured, colorless quartz. 

Resources of pota-ssic feldspar recoverable by hand- 
cobbing occur otdy in the core. Present SKpOSurea of 
this unit are small, but if the three pegmatites are 
connected at deptlt, the size of the oor& would be 
increased with a proportional increase in rasooroea of 
hand-cobbable perthite. 

Sodic feldspar is too fine grained to be recyvered 
by hand cobbing. The uso of the CDtire pegmatite for 
millfeed would permit the recovery of much of the 
plagioclase as well as much of the perthite. The 
presence of biotite, garnet, and black tourmaline in the 
different units %vnu1d require additional equipment for 
removing iron-bem ing minerals. 

Some small sheets of hard flat ekar ntby mica as 
much as 2 by 2 inches in diameter could be obtained 
from muscovite-biotite intcrgrowths of tlie intcrmediat© 
zone, but economically important quantities of sheet 
mica coTilrl not Ik? produced. Scrap mica cuiild be re- 
covered by milling methods because muscovite is a oon- 
stitnent of each unit of the pegmatite, although Che stse 
of Minst of the books is too small for band cob!)infX. 
Biotite is a contaminant that might ba.ve to be removed. 
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PcptnatUe 87 is a poorly expos^il iiiizonrd body that 
extends for 40 feet N. 50° W. Its roaximvun thicJfnfwa 
prolMUy is leas than 20 feet. It is perthite-phgfoolaae- 

qtmrfz pfpronfite with minor in-ccsporymuscovifo. Pos- 
sible products aix> milling-grade feldspar and scrap 
mica. 

XniOB SSMBIOVB 

Although many pegmatites occur in scattered areas 
remote from the well-known pegmatite mining districts 
of Grafton and Keene, few of ecanomic interest have 
not been studied. Of the two psgmatites selected for 
careful study, one was devel<^ed after Worid War II, 
and the other has been prospected since last described 
inlMa. 

ThelCiUard Chandler (North Star) fBilck|»ariiune is 

in the town of Cliiitliain, Ciinoll County, and 1.15 
miles N. 7" E. of the village o£ North Chatham. It is 
on a steep hillside about one-quart«r mile west of the 
Evans Notch Road at a point about one-half mile west 
of the New Hampshire-Maine boundary. The mine 
was worked for feldspar btfeve World War II by the 
Whitehnll Co., Tnr. An opcnrut TO feet htu^, M feet 
widp, and as much as 15 feet dtep has l>c4.;n driven vest- 
ward into the pegmatite (pi. 15). 

TliO pepmatito is cxjiost'd for 360 feet aloiitj Its strike. 
Near tlic ojM'iicut it is about 60 feet fhifk, but it thii«s 
southward and thickens northwanl. It strikes about 
north and dips from 10'' to 85° W. The steeper dips 
are on the footHall cojiiuct, but these may repi-e-scnt 
only a local steepening of a generally low dip to the 
west. The pegmatite is slightly discordant to the struc- 
ture of the wallrock, which strikes from N. 6' to 40* E., 
ftTSnging N. 20° E., and dips from 10<> to 35» W., 
averaging about 15" W. The wallrock is a medium- 
grained granite gneiss formed by the introduction of 
granitic, and locally pegniaititie, material into biotite 
schist. Four mafic dikes, ranging from 6 inches to 2 
feet in thickness, cut pegmatite and wallrock in and 
north of the opencut. Most of these strike N. 30° E. 
and dip 70° to 76° SE. Two additional mafic dikes 
south of the opencut are from 4 to 6 feet thick, strike 
more eastward than ilie others, and dip from 65° to 
75° S. These dikes have sharp but irregular contacts 
with pegmatite and wallrock, and in detail are seen to 
have many small apophyses extending into the sur- 
rounding rock. Five onits have been distinguished at 
the mine. Contacts between the units are gradational 
and very irregular, ami flie contacts ahowii on plate 
16 are geosralized. 

Tho aarrow border zone is fine-grained quartz, 
plai^ass (Abm), psithite, and mnsoorite with soces- 



soty biotite and garnet. It is similar to the gneisaio 
bands of (lie granitic and i>pcfmnti(ic material in the 
wallrock, and for this reason the actual contact of the 
pegmatite is difienlt to distiQgoish. The acceasoij 
blutite and garnet may contain mateiial derived from 
tile wallrock. 

Tbe wall xone is fine- to medium-gmined plegioclass' 

quartz pefrmntitr. .\boiit 50 percent of tlie unit h 
plagioclase (Anj), 30 to 45 percent is quartz, and 6 to 
15 percent is perthite. MuBeorite is commonly pweont, 
and biotite, garnet, and apatite are minor nccessAiry 
minerals. The wall zone is thickest on the footwall 
side of the pegmatite. 

The core-margin or intermediate zone i.s the most 
irr^ular. The average composition is 40 percent 
perttdte and graphic granite, 85 percent plagiocaae, 
and 95 percent quartz. Tlio cfxii.so prainod porthite 
and graphic-granite masses are surrounded by Rne- to 
medium-grained plagiodsae-quarts pegmatite of a com* 
position similar to the wall zone and to small areas 
surromiding perthite in the core. Perthite occurs 
mostly as graphic granite in which the quarts intsr- 
growtlis are less arifrular and less reirular in spacing 
tlian in typical graphic granite. Potassic feldsimr in- 
cresses in abundance toward the cne. Beiyl and scrap 
mnsrovite are pfcs<>nt adjacent to flic core, particidarly 
in ateiii of plagiutlasc and quartz between the graphic 
granite masses. Locally, there are many small vugs 
in the plagioclase (Aiij). Some beryl crystals are 
rimmed and cut by veinlets of cleaveliuidite; one of 
these veinlets contains plagioclase of hig^i^ sodic con- 
tent (Ana) than the normal type in the zone. A few 
books of scrap muscovite as large as 4 by 3 by 1 indies 
occur adjacent to the ocne. 

The core consists of coarse-grained quartz and perth- 
ite with small areas of medium-grained plagioclase- 
quartz-museovite pegmatite. Perthite c<7Stab ate as 
large as 3% by 6 by 2 feet, and aggregates of crj'stals 
are even larger. Locally, the unit may consist entirely 
of cither quarts or perthite, bat the avenigs content 
ranfres from 55 to 60 percent quartz, and 40 to 45 per- 
cent penliile. The cure is discotiliiiuouji in surface ex- 
posures, but appears to tilin southward and thicken 
northward, as doe^ tl\e pepmatite. Lnllingile and sul- 
fides are minor accessory minerals in this unit. 

A very fine grained SOgary-textured plagioolase-rich 
imit is south of flic openrtil. Tt is exposed for a length 
of 35 feet and a width of 5 feet, and its location in the 
sequence of pegmatite noits suggests tlutt a section of 
tlie core of tlis body has been replaced by plagioclase- 
ricii material. This unit consists of 30 to 90 percent 
plagioclase (An«) with minor quartz and greenish mus- 
oovite. Garnet is a rare Mceaeoiy mineral. 
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Beiyl occurs ia Uie intermediate zone adjacent to 
tiM eon. It is in b!ae-grem to light-green crystals as 
larrrci as G by 15 inches. Some crystals contain veinlets 
of, and aro rimmed with, cleavelandite. Mineral meas- 
omnHitB indicate a berjl oontmit of about 0.10 percent, 
of which 80 percent roiilrl ho. rccoverct^ by b.ind cob- 
bing. The beiyl contains from 13.5 to 13.7 percent 
BeO. 

Potassic feldspar is economicully thf most important 
mineral in tho pegmatite. The largest reserves aro in 
tho ooro and intomodiato sons. Most of tho perthite 
in the core and perhups one-lialf of it in (be inter- 
mediate nme could be recovered bj hand-cobbing. In 
tin intennediate zone, howetrer, the pradnot woald be 
quartz ricli because of the higli proportion of apTiio 
granite. Tbera are no iron-beuing minerals in the 
pegmatite to eontaminate a nuil pnodmel, ixit the maSe 
dikes vrould caitte ooiitamination in any laige-acale 
operation. 

No efaeet miea was sem at the nine. Scrap mica 

could be recovered from all units by millinj^, but the 
mica content of this pegmatite is small. Some books 
of aoiap mica in intennediata nona adjaeent to the 
COM oofdd be Mooveind b{jr band-odfabing, 

PAKKXR MOrNTAIN MINE 

Tlie Parker Mountain (Foss, Foss Ijedge) mine is 
ill the town of Strafford, 2.4 miles N. 40° W. of Center 
Strafford village, Strafford County. The pegmatite 
has been described by Sterrett (192.3, p. 15C-1.58), Swit- 
zer (1938), and most recently by Stewart (in Camenm 
and otlwis, 1954, p. 270- 271). In 1947, the Whitehall 
Co., Inc., removed the overburden from pe<r»na(ite nt 
tlie southeast end of the opencut while prospe^eting 
for Mdapar. Hue permiUed a mon aztensiTe study 
of the internal strm'tiirp of tin- jicpfmntite tlinn was 
possible in 1043 when Stewart did his work. Although 
his map is used as a base far plate IS, minor eluuiges 
were necessary to bring it up to date and to show tlie 
slightly different interpretation of the internal struc- 
ture. 

The old working nf the Parker Mountain mine is an 
oppnrut ino feet lone, fioin in fo 75 feet wide, an<l 
as much as 40 wide deep. Narrow inclined slopes ex- 
tend for an nndstemtined distance below the present 
floor of the cut alone tbe banCTntr wall of the peg- 
matite. These slopes are now filled with waste rock 
and water. The mine was last operated in 198A-88 by 
A. E. Buzzo of Center Strafford, who worked it for 
feldspar (Cameron and others, 1954, p. 270-271). Al- 
though the mine was prospected by tlie Whitehall Co., 
Inc., in 194T, no produotion was inpoited. 



The wallrock of the pegmatite is fine>gnuned maft- 
sive aplite connsting of quartz, miormline, albit» 
(,\n„), miiS(o\ite, and minor amounts of tourniuliiie, 
biotite, and apatite (Cameron and others, 1954, p. 270- 
271 ) . The aplite body trends N. S5* E., is at least 180 
feet wide, and is in quartz-mica schist liiat striksB 
about north and dips 40** to 60'' W. 

Hie pegmatite apparently was emplaced along • 
fracture in the ra.issive aplite body. The pegmatite 
strikes K. 40° W., dips TO"* to 80° N£., and extends 
diagonally aorass the entire width of the aplite body. 
It is lenticular an<l has a miximum tbickne.ss of 40 feet. 

Four internal structural units have been mapped in 
the Fariser Hoontein pegmatite. Tliese are similar 
U) (be ones described by Stewart (in Cameron and 
othei-s, 1954, p. 270-271) but differ slightly because of 
the relations and compositions shown in new exposures 
southeast, of the opencut. 

The border sone consists of fine-grained perthite and 
quarts in graphio granite. The thickness ranges ttom 
1 inch (o 3 feet, and is ronnnonly too thin to show on 
the map and section. This unit is most prominent 
along the hanging-wall oontaet, but is alwent in many 
places elsewliei e. 

The wall zone is medium-grained perthite-cleave- 
landite-(|narts*mQ80OTite pegmatite widi minor sc e e o 
sors' beryl, black tnnrmnline, and apatite Tt is n 
discontinuous imit as much as 5 feet thick on the 
lianging-wall side; most axposnres are remnants left on 
the hanginfT-wall and footwall sides of tlie opencut. 

The first intermediate zone is medium-grained perth- 
ite-deayelandite-quarts pegmatita of a texture and 
compo^ifion "similar to the wall zone except that mua- 
covtte is only an accessory mineral. The unit is dis- 
continuoins; it is most conspicuous on the footwall side 
of the pefrmatite, and e?ctend.=; entirely aero;??? fbe peg- 
matite southeast of tho opencut where it seems to form 
a cap over the core. 

The cope oonsipts of coarse-grained quartz perthite 
pegmatite with acce^jsory clea^'^landite and muscovite 
and minor quantities of accessory beryl, garnet, apatite, 
triphylite, spodnmene, and other minerals. The aver- 
age composition is 50 percent quartz, 40 percent perth- 
ite, and 10 percent Bocsssoiy minenls. Quarts is in- 
tergrown with perthite and al.«o ocnirs as individual 
bodies as much as 5 feet wide and 25 feet lonp. Most 
of the quarts is gray, but colorless and dark am6kj 
quartz also are present The core is as much sa 20 feet 
thick. 

A pipelike body of medivmrgrained muscovite-perth* 
ite-quartz-rleavelandite pegmatite is centrally located 
in the core near the northwest end of the oponcnt. It 
is as much as 6 feet across but its length is unknown. 
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Berj'l occurs in tho wall and first intermediate zones 
and in the core. The beryl content of the core in the 
outcrop southeart of tlie openeat is f^JSH peroent. Hm 
average crj'stal Las an exposed area of 7 square inches, 
and most of the berjl could be recovered bj luwd-cob- 
Inng. The wall zone on the southwest nde of op«n- 
cnt contains O.Sft percent Ix^ijl ; the averof^e crj-stal has 
an area of 5 square inches, and much of this beryl also 
could be twNXvered hy hand-oobbiitg. No beryl was 
s<-en in tlie hanging- wall part of the wall zone. The 
betyl of the core is blue green and is associated chiefly 
widi th« larger quarts bodies. Beiyl fnm the waU 
RHie is 11^:11 1 <:reen and is associated with muscovitc. 

Mofit of tlie resources of potassic feldspar ai« in the 
core below the level of present exposures and below the 
waste rock in flie floor of the o|)eiKiit. Most perthite 
in the core could be recovered by hand-cobbing. Perth' 
ite also is in the other units of the pepnatite but oould 
be recovered from fheni only by milling. 

Sodic feldspar, mostly cleavelandite, is in every unit, 
but the gnxns are too small to penidt eoraiomie re- 
■•ovetT hy liatul-cobbini,'. Tlic iist> of tlie entire pegma- 
tite for millfeed would result in the recovery of the 
plagiodase tn addition to the potaeeie feldspar. 

Slice! mica hus l)('en i-eeoveiTd froiri fl»e wall zone of 
the pegmatite, particularly on the hanging-wall side, 
and reaerveo of sheet mica probably are in this uititbft' 
low the old workings. Scrap-mica reserves are most 
abundant in the pipelike tinit of muscovite-ricli pegma- 
tite. About 80 percent of the unit is muscuvite, must of 
which is recoverable by hand oMUag. Kusoovite k 
al*) in the oilier units hut e:^cept in the shept-miffi- 
bearing wall zone, would be recoverable only by milling. 

The p^gnwUte also oontains columblte, spodumene, 
and f riphylite, and according to Switzer (1938, p. Sll 
820), it contains arobiygomte, cassiterite, and autunite. 
Tin quantities of these minerals available at the PariDer 
Momirtun mine are too small to be of value under 
p wo s n t economic oondUioiB ( 1957) . 

Three pegmatites have been wf>ilved or prospected in 
the Alt4jn quadrangle, all of them in the town of Straf- 
ford. The largest working is at the Parker Mountain 
(Foes, Fosj'< lyedj^e) mine previously described. The 
John Felker mica prospect, the Ashton Rollins prospect, 
and from SO to S!5 other pepnatites on the SoIIins 
property al.^o have been desirilieil by Stewart (?/* 
Cameron and uthera, 1»54, p. 270-274). With the ex- 
ception of the Parker Mountain pegmatite, none of 



the^st! seems to offer eeononnc. possibilities for future 
production of sheet or scrap mica, feldspar, or beiyl. 

Five other small pegmatites, also in Stnfford, weie 
studied in 10-iO during the s.!iort time spent on recon- 
naissance in this quadrangle. The lai^geet one is about 
OB»*f(Niith of a mile nordi of the road intersection east 
of the Blue Hills School. Tliis pegmatite is exposed 
for nearly 100 feet in the bed of a stream, strikes N. 
46" E., dips W SB., and is iiO faet tiikk. An 8-in«lk 
border zone of firie-grained, quartz-mnscovite pegmatite 
and a core of perthite-quartz pegmatite are the only 
intetnal units exposed. Latfa-duiped perthite crystals 
in qtiartz of tho core commonly have their long axes 
oriented normal to the contact. Accessory black 
touzmaline erystsla have a rimihr orientation. The 
other psgmatites visited are very SDsU snd ave unxoned. 

OORBAM gRMLMuarauB 

Two pegmatites; hnve been worked or prospected in 
the Gorham quadningle The Millard Oiandler (North 
Star) mine is in the town of Chatham. It was operated 
for feldspar by the Whitehall Co., Inc. in 1M0. A 
study of tlus mine was undertaken in August 1949, and 
the results are discussed on pages 4^^-44. The deposit 
has small reserves of feldsj^, scrap mica, and betyL 
The Fiseher mica prospect is in the town of Shelbume 
and has been described by Larrabee {in Cameron and 
others, 1964, p. 189). This property has never been 
worked and does not aeon to offer any posabilities for 
the production of economic pegmatit-o minerals. 

Tht results of a brief reconnaissance in 1949 indicate 
that this {{uandnmgle is un^vorable for the production 
of |icgmatite minerals. I^arge parts of the quadrangle 
are comparatively inaccessible, and the transportation 
difliottlties in these areas would be i^reat. Fbr this 
ivason, ihe reconnaissance was confined to a few of the 
more accessible areas adjacent to the Wild Biver in 
Beans Punihase, the Androsoogi^n Itiver in Shdbome, 
and the Pealxxly Tkiver in Pinkham Xotch. Tlie peg- 
matites examined represent only a very small fraction 
of the aotnal number in the aree. The pegmatites an 

small, rarely inf>re than Ti feet thick or 50 feet long, 
and most are tabtilar or lent icular. They are commonly 
concordant to die foliation of the enolooni; quarts* 
mica schist and gneiss. T/ically. the pegmatites teem (o 
have filled openings between blocks of a coarse breccia 
and sro very irre^ar and variable in siae. They aie 
principally unzoned Iwdie.s of fire- to medium -grained 
pertliite-plagiodase-quartz pegmatite. Accessory min- 
erals an muscovite, biotite, Usdt tontxasline, and 
garnet. No l)t>ryl wa.s seen, rommercial quantifiea 
of feldspar are laddng, and only a few small books 
of sheet mica wew fleen. 
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XODMT PA'WTDOKA.irAT VO^BBAXOMM 

Becoonaissanoe in the "Nfount Pawtuckaway quad- 
rangle WW a logical outgrowth of detailed mapping in 
the BaTiDOind pegmatite dntiiet The nsolts of the 
Baymond district study %Yers sufllcienfly fuvoiable to 
warrant an investigation of adjoining areas in search 
of pegmatitefi of poesiUe eoonomio interest* A reoon- 
naissancc waa made in the Mount Pawfuckaway quad- 
rangle northeastward from the Baymond pegmatite 
district to near the Tillage of Nottingham Square. A 
smaUor pegnrntite district "was stiulifid in the towns 
of Deerfield and Korthwood, mainly between Deerfield 
Ocnter and CofFeetotm School, and scattered pegmatite 
outcrops were seen elsewhere in the qaadrangle. In 
addition, areas were examined soutli, southwest, and 
west of the Mount Pawtuckawny quadrangle in the 
Hampstead, Mmiclirsfer, and Suncook quadrangles, re- 
spectively, but only a few pegmatites were seen. 

Bedrock exposures am sparse in largo parts of the 
Mount Pawtiickaway qnadraiisjlo, and po^rmatites oc- 
cur in only a few of Uic^e exposures. Except in the 
Basmond district, where nearly every pegmatite out- 
crop was exaniinfd, the rrromiaissanpf nature of lha 
work resulted in the study of only tiiosa pegmatites tluit 
wereMen along traverse lines and in roadeata. 

The ireolo^n,' of the Mount Pawtuckaway quadrangle 
has bfon mapped and described by Freedman (1950, 
p. 44SM91). Tlie petrology of the igneous complex in 
the Pawtuckaway Moimtains has been descrihed by 
Boy and Freedman (1944, p. 905-919). 

Freedman (1950, p. 449^-491) shows that metamor- 
phoeed sedimentary rocks trend northeastward actxwB 
the southeast half of the quadrangle. They form the 
steeply dipping southeast, limb of a syncline that prob- 
ably plunges northeastward and includes the Eliot 
formation (probably Ordovician and Silurian) con- 
VStiDg of phyllite, quartz-mica schist, quartzite, and 
linw-eilicate rock; the Berwick formation (probably 
Ordovidan and Silurian) also oomristing of phyllite, 
quartzite, quartz-mica schist, and lime-silicate rock; 
and the Littleton formation (Lower Sevtmian) con- 
sisting of quartzite, mica-oehist, mica-gamet schist, 
mica-staurolite schist, and mica-sillimanite schist. 
Kocka of the New Hampshire plutouic series (Upper 
Devonian?) are widespread m the northwest half of 
the quadrangle, where they consist of quartz diorite, 
quartz nunizaDite, binary granite, and microcline gran- 
ite. Quartz monzonite is the most abundant rock 
unit of the series and is discordant to the Littleton 
formation (1iat adjoins it on (he sontlienst: offshoots of 
the quartji uionzonite locally extend across the Littleton 
into the Berwidc fovuMtion. Boaks of the White 
Mountain pIutonic-Toleanio smxs (Ififlnsnppian?}, 



ranging in oomposHion fam monzanite to gabbro, are 

best exposed in the Pawtuckaway 'Mountains, where 
tliey were emplaccd in quartz monzonite of the New 
Hampshire plntonie series by forcefol injection and 
cauldron snh?idpnw, AfetamoTphism decreases south- 
eastward and northwestward from the granitic rocks 
of the New Hampshire plutonie series. The pegma- 
tites of the quadrangle arc associated with rn . ks of tho 
New Hampshire plutouic series and are not foimd with 
younger rocks. 

In addition to the 87 pef:^atites of the Raymond 
district described elsewhere in this report, 4, the Corson, 
McMullen, McQall, and Vatcher pegmatites ave die- 
acrilied in the section on detailed studies of individual 
mines in tho Raymond region. In the Mount Pawtuck- 
away quadrangje 86 other pegmal^tes or groups of 
peCTtialites •svere investifratpd. Of these, 61 aro in the 
melumorphie rocks and in small associated bodies of 
igneous rocks between the Baymond diatriet and the 
villafre of XoffiiiL^liani Square. In the towns of Deer- 
iield and Northwood 24 were visited; most of these 
are between the %'tllage of Deerfield Center and the 
CofTeetown School. 

Mica schist is the wallrock of most of the pegmatites 
in the towns of Raymond, Nottingham, and Epping. 
A few pegmatites are in small bodies of schist sur- 
rounded by granitic rocks; others aro in sniall granite 
bodies in motamorphic rocks. In the Baymond dis- 
trict, the pecrmutites are in the Littleton formation, 
to 2 miles soutiieast of its contact with granitic 
rocks. The BCoOall, Vatcher, and Corson pegmfttitss 
and tho pe^rmatito area near Xottiiigliani Stpiaro are at 
or near the contact of tlie Littleton and Berwick forma- 
tions. With the exception of tlie >rcGall pegmatite, 
these arc alwnt 1' A miles from tlie niain granitic rocks. 
The pegmatites in ilie (owns of Deerfield and North- 
wood are in igneous rocks or in metamorplue rooks 
included in, or adjacent to, the igneous rock=;. 

Most of the pegmatites arc thin tabular or lenticular 
bodies that range from 5 to 1,006 feet in length and 
from a few inches to StK) fwt in thickness; the average 
body is exposed fur about 50 feet along its strike and 
is about 10 feet thick. The attitudes of many peg- 
matites aro difTicult or itn possible to determine l>ecause 
of the absence of exposures siiowiug contacts with wall- 
vodCi Nearly half of those in the Baymond district 
are ooneordnnt to the bedding of the encloeine^ wall- 
rock, as are about two-thirds of those between the 
Baymond district and Nottini^iani Sqoare. In the 
Deerfield area, more than half are concordant. 

Internal structural units were not distinguishable in 
many p«|gmatitM hscsnsB of the poor eiposni«8. Tbe 
best SKsmpkB of zonmg are at minis or pra^eots when 
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SButO op«ncuts hvn bm dwnaloped or where the cmr* 

harden has been removed. Many other pegmatites 
irould ahow internal structural units if better ezxx)8- 
apH nwe ftvailftble. 

The upper surfaces of many of the pegmatites seem 
to haye been uncoTwed by erosion leoently during the 
geologic histoiy of the district. SmaU patches of schist 
and border-zone material occur on the upper surfaces 
of sereral outcrops. The dips of contacts indicate that 
some pegmatites thicken at depth, suggesting that only 
their t«p.s h tivts been unOGVWied. At eeveral «f the mineB 
and pruspcctH, a greater Tariely of zones is fimnd id 
the walls and floors of tlie opencuts than is exposed 
ftt the surface^ end wall zones can be seea to fonn a 
capping over oliher zones. iUthoni^immyof theoliher 
pegmatites seem to consist of only two units a thin 
border zone end en eppaient core that has the com* 
posidon end tearinn of typieal wall zones-^f eronon 
had extended to slightly f^reatcr deptlis adJIfioiial 
acnes might have been expoeed. When further pros- 
pecting ia done in the district, it ehoold be confined to 

the thicker liulbrmn p:ir(a of tlie poginatites in wbich 
QDezpoeed inner zones are most likely to be found. 
No eened pegmatites were seen in the Denrfield area, 

but elsL'wIiorL* i2 to 5 zonc-s were rrro^Tiizo^l in poj;- 
matites observed during tho reconnaissance studj'. A 
border zone is commonly ndj:i>:cnt to the walbw^ and 
consists of very fine grained quartz-muscovite pegma- 
tite widi or withont plnsr!o<-!i\s<» ; it r;^re!y more than 1 
inch thick, and in many places less than oiiu-quarfer inch 
thidc The wall zone, the mit next inside the border 
zone, may be the only other unit pxposcHl, and tlius is 
an apparent core. It normally has a fine- to medium- 
gndned tezttire end consists of plagiocIasB, qnarts, and 

pertliite wifli accessory muscovite. Tlio fust intrrmR- 
diate zone, where present, consists of porthitc, quartz, 
and plagioclesB. It is co«i«r geeined and eonteins 
more perthite and less plafpoclese tbtn the wall zone. 
Tlio sworid intemiedifitfi zone, or eore-manrin zonp, is 
1 to 2 feel thick and consists of perthite, quartz, and 
mnscovite. This zone summnds a quartz core or small 
quartz bodies tliat are segments of a disoonfinumi!; core. 
These quartz bodies, however, should not be confused 
with qnarla pods that are tandcmly ^Bstiilmted 
throughout many unzoned pegmatites. 

The only other internal structural units are f ructute- 
oontroned bo(3ies that sn either erasMatting or parallel 
with the zones. ISteee commMdy are a few indies 
tluck, less than 10 feet lonfj. find coTi?lst cliieOy of 
quartz. One pegmatite in the Nottingham Square area 
flonftains Inebire'^antrolled bodies laoging &om 6 to 
10 fHt b lengCh and as mncih as 8 lest in widdi; these 



COinrist of quartz-perthite-muscovite pegmatite with 
accessory beryl in crj'stals as large as 3 by 6 inches. 

Fifteen pegmatites, excluding those previously de- 
scribed, contain visually distinguishable beryl, but none 
has a grade or tonnage stifficiently high to warrant 
0(»nmereiBl operations. The richest [pegmatite has a 
beryl content of 0.124 percent and inferred beiyl re- 
serves of about 3 tons. The pegmatite area near Not- 
tingham Square has a higher propoition of beryl-bear- 
ing pegmatites then any other area except the Baynumd 
district. 

Muscovite is a citaracteristic mineral of every pegma- 
tite, but it is rarely of snflkient rise or quality to be 
used for sheet mica. Three pegmatites contain minor 
quantities of sheet mien, and in each the mica is in a 
ditTereiit unit. One has sheet mica in a wall ZOnO of 
clea%'elandite-quartz pegmatite, another in a oore- 
maigin zone of perthite-quartz pegmatite, and the 
third in a ftaeture-controllod unit of qturtz-perthite- 
mnsoorite pegmatite. Many of tite pegmatites contain 
an estimated 2 to 5 percent muscovite suitable for scrap 
mica, but tlie bodes are so snail that milling would be 
rer|iiired for e^i'onomiral recoverj'. 

lu'iicivos of ix)t;ui4>ic feldspar it><;overable by kand- 
robbing are small. One characteristic that might 
favor the use of these pegmatites for milling is the 
comparative absence of iron-bearing minerals such as 
biotite, black tourmaline, or garnet. 

Production of economically importnTit qnontities of 
pegmatite minerals in the ilount Pawtuckawa}' iniad- 
rangle and adjacent areas will probably be slijriit; tlie 
most favorable deposits ore confined almost exclusively 
to the Raymond district itself. I'ho writers found no 
new pegmatite deposits of value under present (1957) 
economic conditions in their reronnnissanre of selected 
I^frraatitjo districts. I'uitbtjr work doi»s not sef'ni to be 
justified in the Raymond region until otJier districts 
in New IlHiniisliIre have lieen more tboroujxhly exam- 
ined and their resources liave been evaluated. If 
interest in the pegmatites of this region develops in 
(lie future, the most favorable location for further work 
is Ijetween tlie Raymond district and Nottingham 
Square. 

In 19 (!>, a brief reconnaissance was made of the 
pegmatites on the north flank of Mount Adams, in the 
town of Randolph, and in Low and Burbanks Grant. 
The locations of several pegmatites are diown on a 
geologic map of the qnadrangte prspsnd by M, P. 
Billings and others (1946). 

Threa pegmatitee in this area were examined, and 
two otlieia represented only by loooe blocks ware ob- 
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SBTVed. The pcgniiiti(»\s urf poorly i xposfxl but seem 
to be discordant bodies of plagioclase, quartz, and 
fMrtliito in MdspaUiie qutrtz-miea isnete. They are 

fino- to medhim frrnined and are cliir-fly iinzoiicd. Tlio 
besi exix>sure3 are of a pegmatite iii Spur Brook, 
and Burbanks Orani. The average grain sbm of this 
pegmatite h less thnn 1 ineli in prnatrst rlimrnsion 
but locally perthite crystals are as much as 10 inches 
long and quartz pods are as mnch as 4 feet long and 
1 foot wide. Small books of rrn^enish muscovite rang- 
ing from one-half to 2 inches in diameter art- most 
abundant near the giray qnarta pods. Kone of these 
pefrmrif itcs has rpsorvep of slippt mica or visually dis- 
tinguishable beryl, and the sniall tpfsonn'^s of milling- 
grade perthite axe not of eomnu'ivi;t1 v iilue. 

Pegmatites are prewnt on Mount ■\V;isliini;lon. and 
Mount Madison, but flu (omparativo inucceafiability 
of all except one located on the Carriage Road on 
Mount Wnsliinplon would limit future development 
to small-scale operation& The pegmatite on the Car- 
riage Bond is not snitabla for eoonomie developniflnt. 

mantooni gnASRAiroiiB 

The Plymouth quadrangle was splf'< u-d for vvron- 
imismnce in 1948 because of ita location east of the 
northern limit of the productive Orafton diatrict and 
because of the similarity uf rock types. The 1(h afion^ 
of many of the pegmatites are shown on the geologic 
nap pirepared 1^ C. B. Moke (IMS). Thne mica 
mines were opemfrcl in this quadninfrlo during 1942- 
44 : the two Crystal mines in Campton, and the White 
Hbuntafai Mica Go. (Thornton HQl) mine m Thontton 
(Cameron nnd others. lO.H, p. 160-162, 280-201 1. Al- 
though the White Mountain Mica Co. mme and one 
of the pegmatites at the Cryatal mines do not contain 
econoniif iilly important quantifie.s of sheet mica, the 
"llpper" Crystal mine has possibilities for future pro- 
duction of this mineral. 

DnrinfT reconnni?s:nicp. r^o jiefnnntiles or [rmniis of 
[legraatites along the valley wails of the Pemigewasset 
Bi'ver and its tributaries were examined. Sixteen pag- 
mntiteq nre in quart 7,-miea schists of the Littleton for- 
mation, 13 in Kiiismun ({uai*t/. monzonite, and 1 in 
Concord granite. The lUtitude of 28 of the bodies 
cnnld ho (h'torininc<l, and 15 of theae are discordant to 
the structure of the enclosing rock. 

Moat of the pegmatites nrv small. Few arc expond 
fnr mnrc. fhnn '20 frc( uloiiir (lu'ir s(rike, nnd they range 
front u fets iiiciies to u niaxijiiuin uf ;]d foot in thickness, 
aveniging abont ft feet. Eleven iH>ginatite8 show 
a criuh- zoning: most of them consist of a very thin 
border zone of quartz-musi<ovite-plagioclase pegma- 
tite, a wall zone of plagioolase-quarti'^petthite pegma^ 
tite, and a rhin intermediate (cora-maigin) aone of 



miisr-ovite perrniatite around small quartz pods that 
form a discontinuous core. Zoned pegmatites are al- 
most twice aa abundant in the quarta-mica BcUata aa 

in tliH qnart7 monzonite. Tliere is no apparent rela- 
tion between the size of the pegmatite and the presence 
of zoning. 

The perrmntites are fuie- to medium-grained, with an 
average graiti diameter of 1^ than 2 inches. Perthite 
otyatala as large as 8 by 12 indws ana p r a aan t in a 

beryl -hen rinpr pejmnatite that crops mit in AVest Brunch 
Brook, on the Campton-Thomtou town line. Musco- 
vite books range from one-half to 2 indws in diaautor. 
Strips of intergrown hintite nnd muscovite as much 
as 2 by 4 inches and less than one-fourth inch tliiek 
were seen in one eKpoauve. Minor aoeMauy garnet, 
Iferyl, and Uadc tounnalino oocur as mall euhedral 
crystala 

None of the pegmatites aeem to contain any minaial 

or irronp of minerals in sufficient quantity to warrant 
Uieir commercial development under present (1967) 
eoonomie conditions or under those during 1M9-I5. 
Xone is liirt^e enonjrh to support the ojjemtion of a 
flotation mill for the recovery of feldspar, and uosinglo 
area has a reserve tonnage sufficient for snob a& 

operaf ion. 

The liest feldspar and beryl prospect is in West 
Branch Btook, 3.0B miles V. 30* W. of West Campton 

\ilhif^'^('. on ilie Cun>])fon-T!ioi'nton town line. This 
pegmatite is at least 100 feet long and as much as 25 
fleet wide. Althou^ vary irregular, it is generally 
con conlant (o the foliation of the wallrock. Poor ex- 
posures and indistinct zoning make any estimation of 
resouroee questionable. FOrthite crystals as large as 
8 by 12 inches fonn id>oiil ."0 peicent of fh.e pla^rioclase- 
perthite-quartz pegmatite of the wall zone. About 25 
percent could be reoovered by hand-cobbing. Forty- 
one her\'l i iyf-tals measured in (jnartz-mnscovifo pognia- 
tite of the core-margin zone indicate that the eastern 
half of the «xpamt9 contains about 0.8 percent beiyl. 
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